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Preface

This report is one in a series that presents a comprehensive set of
reference values for nutrient intakes for healthy U.S. and Canadian indi-
viduals and populations. It is a product of the Food and Nutrition Board
of the Institute of Medicine (IOM), working in cooperation with Canadian
scientists.

The report establishes a set of reference values for dietary energy,
carbohydrate, fiber, fat, fatty acids, cholesterol, protein, and amino acids
to expand and replace previously published Recommended Dietary Allow-
ances (RDAs) and Recommended Nutrient Intakes (RNIs) for the United
States and Canada, respectively. Close attention was given throughout the
report to the evidence relating macronutrient intakes to risk reduction of
chronic disease and to amounts needed to maintain health. Thus, the
report includes guidelines for partitioning energy sources (Acceptable
Macronutrient Distribution Ranges) compatible with decreasing risks of
various chronic diseases. It also provides a definition for dietary fiber.

The groups responsible for developing this report, the Panel on
Macronutrients, the Panel on the Definition of Dietary Fiber, the Sub-
committee on Upper Reference Levels of Nutrients (UL Subcommittee),
the Subcommittee on Interpretation and Uses of Dietary Reference Intakes
(Uses Subcommittee), and the Standing Committee on the Scientific Evalua-
tion of Dietary Reference Intakes (DRI Committee), have analyzed the
evidence on risks and beneficial effects of nutrients and other food com-
ponents included in this review.

Although all reference values are based on data, available data were
often sparse or drawn from studies with significant limitations in address-
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ing various questions confronted by the panel and subcommittees. Thus,
although governed by scientific rationales, informed judgments were often
required in setting reference values. The reasoning used for each nutrient
is described in Chapters 5 through 11. Chapter 13 addresses major con-
ceptual issues related to the uses of the DRIs that were included in the
early stages of the DRI process and have been developed further by the
Uses Subcommittee.

The quality and quantity of information on overt deficiency diseases
for protein, amino acids, and essential fatty acids available to the com-
mittee were substantial. Unfortunately, information regarding other nutri-
ents for which their primary dietary importance relates to their roles as
energy sources was limited most often to alterations in chronic disease
biomarkers that follow dietary manipulations of energy sources.

Given the uniqueness of the nutrients considered in this report (i.e.,
they or their precursors serve as energy sources and, for this purpose, can
substitute for each other in the diet), the inability to determine an Esti-
mated Average Requirement (EAR) or a Tolerable Upper Intake Level
(UL) in many cases is not surprising. Also, for most of the nutrients in this
report (with a notable exception of protein and some amino acids), there
is no direct information that permits estimating the amounts required by
children, adolescents, the elderly, or pregnant and lactating women. Simi-
larly, data were exceptionally sparse for setting ULs for the macronutrients.
Dose–response studies were either not available or were suggestive of very
low intake levels that could result in inadequate intakes of other nutrients.
These information gaps and inconsistencies often precluded setting reli-
able estimates of upper intake levels that can be ingested safely.

The report’s attention to energy would be incomplete without its
substantial review of the role of daily physical activity in achieving and
sustaining fitness and optimal health (Chapter 12). The report provides
recommended levels of energy expenditure that are considered most com-
patible with minimizing risks of several chronic diseases and provides guid-
ance for achieving recommended levels of energy expenditure. Inclusion
of these recommendations avoids the tacit false assumption that light
sedentary activity is the expected norm in the United States and Canada.

Readers are urged to recognize that the Dietary Reference Intakes
(DRI) process is iterative in character. The Food and Nutrition Board and
the DRI Committee and its subcommittees and panels fully expect that the
DRI conceptual framework will evolve and be improved as novel informa-
tion becomes available and is applied to an expanding list of nutrients and
other food components. Thus, because the DRI activity is ongoing, com-
ments were solicited widely and received on the published reports of this
series. Refinements that resulted from this iterative process were included
in the general information regarding approaches used (Chapters 1



PREFACE xvii

through 4) and in the discussion of uses of DRIs (Chapter 13). With more
experience, the proposed models for establishing reference intakes of
nutrients and other food components that play significant roles in pro-
moting and sustaining health and optimal functioning will be refined.
Also, as new information or new methods of analysis are adopted, these
reference values undoubtedly will be reassessed.

Many of the questions that were raised about requirements and
recommended intakes could not be answered satisfactorily for the reasons
given above. Thus, among the panel’s major tasks was to outline a research
agenda addressing information gaps uncovered in its review (Chapter 14).
The research agenda is anticipated to help future policy decisions related
to these and future recommendations. This agenda and the critical, com-
prehensive analyses of available information are intended to assist the
private sector, foundations, universities, governmental and international
agencies and laboratories, and other institutions in the development of
their respective research priorities for the next decade.

This report has been reviewed in draft form by individuals chosen for
their diverse perspectives and technical expertise, in accordance with pro-
cedures approved by the NRC’s Report Review Committee. The purpose
of this independent review is to provide candid and critical comments that
will assist the institution in making its published report as sound as possible
and to ensure that the report meets institutional standards for objectivity,
evidence, and responsiveness to the study charge. The review comments
and draft manuscript remain confidential to protect the integrity of the
deliberative process. We wish to thank the following individuals for their
review of this report:

Arne Astrup, The Royal Veterinary and Agricultural University; George
Blackburn, Beth Israel Deaconess Medical Center; Elsworth Buskirk,
Pennsylvania State University; William Connor, Oregon Health and
Science University; John Hathcock, Council for Responsible Nutrition;
Satish Kalhan, Case Western Reserve University School of Medicine;
Martijn Katan, Wageningen Agricultural University; David Kritchevsky,
The Wistar Institute; Shiriki Kumanyika, University of Pennsylvania
School of Medicine; William Lands, National Institutes of Health;
Geoffrey Livesey, Independent Nutrition Logic; Ross Prentice, Fred
Hutchinson Cancer Research Center; Barbara Schneeman, University
of California, Davis; Christopher Sempos, State University of New York,
Buffalo; Virginia Stallings, Children’s Hospital of Philadelphia;
Steve Taylor, University of Nebraska; Daniel Tomé, Institut National
Agronomique Paris-Grinon; and Walter Willett, Harvard School of
Public Health.
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Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclu-
sions or recommendations nor did they see the final draft of the report
before its release. The review of this report was overseen by Catherine
Ross, Pennsylvania State University and Irwin Rosenberg, Tufts University,
appointed by the Institute of Medicine, who were responsible for making
certain that an independent examination of this report was carried out in
accordance with institutional procedures and that all review comments
were carefully considered. Responsibility for the final content of this report
rests entirely with the authoring committee and the institution.

The Food and Nutrition Board gratefully acknowledges the Canadian
government’s support and Canadian scientists’ participation in this initia-
tive. This close collaboration represents a pioneering first step in the har-
monization of nutrient reference intakes in North America. A description
of the overall DRI project and of the panel’s task is given in Appendix B.

The Food and Nutrition Board joins the DRI Committee, the Panel on
Macronutrients, the Panel on the Definition of Dietary Fiber, the UL Sub-
committee, and the Uses Subcommittee in extending sincere appreciation
to the many experts who assisted with this report by giving presentations to
the various groups charged with its development, providing written
materials, participating in the groups’ open discussions, analyzing data,
and other means. Many, but far from all, of these individuals are named in
Appendix C. Special gratitude is extended to the staff at ENVIRON Inter-
national Corporation for providing national survey data.

The respective chairs and members of the Panel on Macronutrients
and subcommittees performed their work under great time pressures.
Their dedication made the report’s timely completion possible. All gave
their time and hard work willingly and without financial reward; the public
and the science and practice of nutrition are among the major beneficiaries
of their dedication. The Food and Nutrition Board thanks these indi-
viduals, and especially the staff responsible for its development—in par-
ticular, Paula Trumbo for coordinating this complex report, and Sandra
Schlicker, who served as a program officer for the study. The intellectual
and managerial contributions made by these individuals to the report’s
comprehensiveness and scientific base were critical to fulfilling the
project’s mandate. Sincere thanks also go to other FNB staff, including
Alice Vorosmarti, Kimberly Stitzel, Carrie Holloway, Gail Spears, Sandra
Amamoo-Kakra, and Michele Ramsey, all of whom labored over nearly
three years of work to complete this document.

And last, but certainly not least, the Food and Nutrition Board wishes
to extend special thanks to Sandy Miller, who initially served as chair of
the Panel on Macronutrients; Joanne Lupton, who subsequently assumed
the role of chair of the panel and continued in that role through the
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study’s completion; and Vernon Young, who served as chair of the DRI
Committee since the inception of the overall DRI activity. Professor
Young’s dedication to this and earlier DRI activities and his uncompromis-
ing standards for scientific rigor are most gratefully acknowledged.

Cutberto Garza
Chair, Food and Nutrition Board
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Summary

This is one volume in a series of reports that presents dietary refer-
ence values for the intake of nutrients by Americans and Canadians. This
report provides Dietary Reference Intakes (DRIs) for energy and the
macronutrients carbohydrate, fiber, fat, fatty acids, cholesterol, protein,
and amino acids. While the role of ethanol in macronutrient metabolism
and energy is briefly discussed in this report, its role in chronic diseases
will be reviewed in a future DRI report.

The development of DRIs expands and replaces the series of reports
called Recommended Dietary Allowances (RDAs) published in the United
States and Recommended Nutrient Intakes (RNIs) in Canada. A major impetus
for the expansion of this review is the growing recognition of the many
uses to which RDAs and RNIs have been applied and the growing aware-
ness that many of these uses require the application of statistically valid
methods that depend on reference values other than RDAs. This report
includes a review of the roles that macronutrients are known to play in
traditional deficiency diseases as well as chronic diseases.

The overall project is a comprehensive effort undertaken by the Stand-
ing Committee on the Scientific Evaluation of Dietary Reference Intakes
of the Food and Nutrition Board, Institute of Medicine, the National
Academies, in collaboration with Health Canada (see Appendix B for a
description of the overall process and its origins). This study was requested
by the Federal Steering Committee for Dietary Reference Intakes, which is
coordinated by the Office of Disease Prevention and Health Promotion of
the U.S. Department of Health and Human Services, in collaboration with
Health Canada.
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Major new approaches and findings in this report include the following:

• The establishment of Estimated Energy Requirements (EER) at four
levels of energy expenditure (Chapter 5).

• Recommendations for levels of physical activity associated with a
normal body mass index range (Chapter 12).

• The establishment of RDAs for dietary carbohydrate (Chapter 6)
and protein (Chapter 10).

• The development of the definitions Dietary Fiber, Functional Fiber,
and Total Fiber (Chapter 7).

• The establishment of Adequate Intakes (AI) for Total Fiber (Chapter 7).
• The establishment of AIs for linoleic and α-linolenic acids (Chapter 8).
• Acceptable Macronutrient Distribution Ranges as a percent of energy

intake for fat, carbohydrate, linoleic and α-linolenic acids, and protein
(Chapter 11).

• Research recommendations for information needed to advance the
understanding of human energy and macronutrient requirements and the
adverse effects associated with intake of higher amounts (Chapter 14).

APPROACH FOR SETTING DIETARY REFERENCE INTAKES

The scientific data used to develop Dietary Reference Intakes (DRIs)
have come from observational and experimental studies. Studies published
in peer-reviewed journals were the principal source of data. Life stage and
gender were considered to the extent possible, but the data did not pro-
vide a basis for proposing different requirements for men, for pregnant
and nonlactating women, and for nonpregnant and nonlactating women
in different age groups for many of the macronutrients. Three of the cat-
egories of reference the values—the Estimated Average Requirement
(EAR), Recommended Dietary Allowance (RDA), and Estimated Energy
Requirement (EER)—are defined by specific criteria of nutrient adequacy;
the third, the Tolerable Upper Intake Level (UL), is defined by a specific
endpoint of adverse effect, when one is available (see Box S-1). In all cases,
data were examined closely to determine whether a functional endpoint
could be used as a criterion of adequacy. The quality of studies was exam-
ined by considering study design; methods used for measuring intake and
indicators of adequacy; and biases, interactions, and confounding factors.

Although the reference values are based on data, the data were often
scanty or drawn from studies that had limitations in addressing the various
questions that confronted the panel. Therefore, many of the questions
raised about the requirements for, and recommended intakes of, these
macronutrients cannot be answered fully because of inadequacies in the
present database. Apart from studies of overt deficiency diseases, there is a
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dearth of studies that address specific effects of inadequate intakes on
specific indicators of health status, and a research agenda is proposed (see
Chapter 14). The reasoning used to establish the values is described for
each nutrient in Chapters 5 through 10. While the various recommenda-
tions are provided as single-rounded numbers for practical considerations,
it is acknowledged that these values imply a precision not fully justified by
the underlying data in the case of currently available human studies.

Except for fiber, the scientific evidence related to the prevention of
chronic degenerative disease was judged to be too nonspecific to be used
as the basis for setting any of the recommended levels of intake for the
nutrients. The indicators used in deriving the EARs, and thus the RDAs,
are described below.

BOX S-1
Dietary Reference Intakes

Recommended Dietary Allowance (RDA): the average daily dietary nutrient
intake level sufficient to meet the nutrient requirement of nearly all (97 to 98 percent)
healthy individuals in a particular life stage and gender group.

Adequate Intake (AI): the recommended average daily intake level based on observed
or experimentally determined approximations or estimates of nutrient intake by a group
(or groups) of apparently healthy people that are assumed to be adequate—used when
an RDA cannot be determined.

Tolerable Upper Intake Level (UL): the highest average daily nutrient intake
level that is likely to pose no risk of adverse health effects to almost all individuals in
the general population. As intake increases above the UL, the potential risk of adverse
effects may increase.

Estimated Average Requirement (EAR): the average daily nutrient intake level
estimated to meet the requirement of half the healthy individuals in a particular life
stage and gender group.a

a In the case of energy, an Estimated Energy Requirement (EER) is pro-
vided. The EER is the average dietary energy intake that is predicted to
maintain energy balance in a healthy adult of a defined age, gender, weight,
height, and level of physical activity consistent with good health. In children
and pregnant and lactating women, the EER is taken to include the needs
associated with the deposition of tissues or the secretion of milk at rates
consistent with good health.
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NUTRIENT FUNCTIONS AND THE INDICATORS
USED TO ESTIMATE REQUIREMENTS

Energy is required to sustain the body’s various functions, including
respiration, circulation, physical work, and protein synthesis. This energy
is supplied by carbohydrates, proteins, fats, and alcohol in the diet. The
energy balance of an individual depends on his or her dietary energy
intake and energy expenditure. The Estimated Energy Requirement (EER)
is defined as the average dietary energy intake that is predicted to main-
tain energy balance in a healthy adult of a defined age, gender, weight,
height, and level of physical activity, consistent with good health (Table S-1).
In children and pregnant and lactating women, the EER is taken to include
the needs associated with the deposition of tissues or the secretion of milk
at rates consistent with good health. While EERs can be estimated for four
levels of activity from the equations provided, the active physical activity
level is recommended to maintain health.

Carbohydrates (sugars and starches) provide energy to cells in the body,
particularly the brain, which is a carbohydrate-dependent organ. An Esti-
mated Average Requirement (EAR) for carbohydrate is established based
on the average amount of glucose utilized by the brain. The Recommended
Dietary Allowance (RDA) for carbohydrate is set at 130 g/d for adults and
children (Table S-2). There was insufficient evidence to set a daily intake
of sugars or added sugars that individuals should aim for.

Dietary Fiber is defined as nondigestible carbohydrates and lignin that
are intrinsic and intact in plants. Functional Fiber is defined as isolated,
nondigestible carbohydrates that have been shown to have beneficial physi-
ological effects in humans. Total Fiber is the sum of Dietary Fiber and Func-
tional Fiber. Viscous fibers delay the gastric emptying of ingested foods into
the small intestine, which can result in a sensation of fullness. This delayed
emptying effect also results in reduced postprandial blood glucose con-
centrations. Viscous fibers can also interfere with the absorption of dietary
fat and cholesterol, as well as the enterohepatic recirculation of cholesterol
and bile acids, which may result in reduced blood cholesterol concentra-
tions. An Adequate Intake (AI) for Total Fiber is set at 38 and 25 g/d for
men and women ages 19 to 50, respectively (Table S-3).

Fat is a major source of fuel energy for the body and aids in the
absorption of fat-soluble vitamins and other food components such as
carotenoids. Because the percent of energy that is consumed as fat can vary
greatly while still meeting daily energy needs, neither an AI nor EAR is set
for adults (the AI for infants is given in Table S-4). Saturated fatty acids,
monounsaturated fatty acids, and cholesterol are synthesized by the body and
have no known beneficial role in preventing chronic diseases, and thus are
not required in the diet. Therefore, no AI, EAR, or RDA is set. The n-6
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polyunsaturated fatty acid, linoleic acid, is an essential fatty acid. A deficiency
of n-6 polyunsaturated fatty acids is characterized by rough and scaly
skin, dermatitis, and an elevated eicosatrienoic acid:arachidonic acid
(triene:tetraene) ratio. The AI for linoleic acid is based on the median

TABLE S-1 Criteria and Dietary Reference Intake Values for
Energy by Active Individuals by Life Stage Groupa

Active PAL EERb (kcal/d)

Life Stage Group  Criterion Male Female

0 through 6 mo Energy expenditure plus 570 520 (3 mo)
energy deposition

7 through 12 mo Energy expenditure plus 743 676 (9 mo)
energy deposition

1 through 2 y Energy expenditure plus 1,046 992 (24 mo)
energy deposition

3 through 8 y Energy expenditure plus 1,742 1,642 (6 y)
energy deposition

9 through 13 y Energy expenditure plus 2,279 2,071 (11 y)
energy deposition

14 through 18 y Energy expenditure plus 3,152 2,368 (16 y)
energy deposition

> 18 y Energy expenditure 3,067c 2,403c (19 y)
Pregnancy

14 through 18 y Adolescent female EER plus change
 1st trimester in Total Energy Expenditure (TEE) 2,368 (16 y)
 2nd trimester plus pregnancy energy deposition 2,708 (16 y)
 3rd trimester 2,820 (16 y)

19 through 50 y Adult female EER plus change in
 1st trimester TEE plus pregnancy energy 2,403c (19 y)
 2nd trimester deposition 2,743c (19 y)
 3rd trimester 2,855c (19 y)
Lactation

14 through 18 y Adolescent female EER plus milk
 1st 6 mo energy output minus weight loss 2,698 (16 y)
 2nd 6 mo 2,768 (16 y)

19 through 50 y Adult female EER plus milk energy
 1st 6 mo output minus weight loss 2,733c (19 y)

 2nd 6 mo 2,803c (19 y)

a For healthy active Americans and Canadians. Based on the cited age, an active physi-
cal activity level, and the reference heights and weights cited in Table 1-1. Individual-
ized EERs can be determined by using the equations in Chapter 5.
b PAL = Physical Activity Level, EER = Estimated Energy Requirement. The intake that
meets the average energy expenditure of individuals at the reference height, weight,
and age (see Table 1-1).
c Subtract 10 kcal/d for males and 7 kcal/d for females for each year of age above 19 years.
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TABLE S-2 Criteria and Dietary Reference Intake Values for
Carbohydrate by Life Stage Group

EARa (g/d) RDAb (g/d)

Life Stage Group  Criterion Male Female Male Female  AIc (g/d)

0 through 6 mo Average content of 60
human milk

7 through 12 mo Average intake from 95
human milk plus
complementary foods

1 through 3 y Extrapolation from 100 100 130 130
adult data

4 through 8 y Extrapolation from 100 100 130 130
adult data

9 through 13 y Extrapolation from 100 100 130 130
adult data

14 through 18 y Extrapolation from 100 100 130 130
adult data

> 18 y Brain glucose utilization 100 100 130 130
Pregnancy

14 through 18 y Adolescent female EAR 135 175
plus fetal brain glucose
utilization

19 through 50 y Adult female EAR plus 135 175
fetal brain glucose
utilization

Lactation
14 through 18 y Adolescent female EAR 160 210

plus average human milk
content of carbohydrate

19 through 50 y Adult female EAR plus 160 210
average human milk
content of carbohydrate

a EAR = Estimated Average Requirement. The intake that meets the estimated nutrient
needs of half the individuals in a group.
b RDA = Recommended Dietary Allowance. The intake that meets the nutrient need of
almost all (97–98 percent) individuals in a group.
c AI = Adequate Intake: the observed average or experimentally determined intake by a
defined population or subgroup that appears to sustain a defined nutritional status,
such as growth rate, normal circulating nutrient values, or other functional indicators
of health. The AI is used if sufficient scientific evidence is not available to derive an
EAR. For healthy infants receiving human milk, the AI is the mean intake. The AI is not
equivalent to an RDA.
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TABLE S-3 Criteria and Dietary Reference Intake Values for
Total Fiber by Life Stage Group

AIa (g/d)

Life Stage Group Criterion Male Female

0 through 6 mo NDb ND
7 through 12 mo ND ND
1 through 3 y Intake level shown to provide the 19 19

greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

4 through 8 y Intake level shown to provide the 25 25
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

9 through 13 y Intake level shown to provide the 31 26
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

14 through 18 y 38 26
19 through 30 y Intake level shown to provide the 38 25

greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

31 through 50 y Intake level shown to provide the 38 25
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

51 through 70 y Intake level shown to provide the 30 21
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

> 70 y Intake level shown to provide the 30 21
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

continued
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Pregnancy
14 through 18 y Intake level shown to provide the 28

greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

19 through 50 y Intake level shown to provide the 28
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

Lactation
14 through 18 y Intake level shown to provide the 29

greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

19 through 50 y Intake level shown to provide the 29
greatest protection against coronary
heart disease (14 g/1,000 kcal) ×
median energy intake level
(kcal/1,000 kcal/d)

a AI = Adequate Intake. Based on 14 g/1,000 kcal of required energy. The AI is the
observed average or experimentally determined intake by a defined population or sub-
group that appears to sustain a defined nutritional status, such as growth rate, normal
circulating nutrient values, or other functional indicators of health. The AI is used if
sufficient scientific evidence is not available to derive an Estimated Average Require-
ment (EAR). For healthy infants receiving human milk, the AI is the mean intake. The
AI is not equivalent to a Recommended Dietary Allowance (RDA).
b ND = not determined.

TABLE S-3 Continued

AIa (g/d)

Life Stage Group Criterion Male Female

intake of linoleic acid by different life stage and gender groups in the
United States, where the presence of n-6 polyunsaturated fatty acid defi-
ciency is nonexistent. The AI for linoleic acid is 17 and 12 g/d for men
and women 19 through 50 years of age, respectively (Table S-5). n-3 Poly-
unsaturated fatty acids play an important role as structural membrane lipids,
particularly in nerve tissue and the retina of the eye. These fatty acids also
modulate the metabolism of n-6 polyunsaturated fatty acids and thereby
influence the balance of n-6 and n-3 fatty acid-derived eicosanoids. The AI
is based on the median intakes of α-linolenic acid in the United States
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where the presence of n-3 polyunsaturated fatty acid deficiency is non-
existent. The AI for α-linolenic acid is 1.6 and 1.1 g/d for men and women,
respectively (Table S-6). Eicosapentaenoic acid and docosahexaenoic acid
contribute approximately 10 percent of the total n-3 fatty acid intake and
therefore this percent contributes toward the AI for α-linolenic acid.

Proteins form the major structural components of all the cells of the
body. Along with amino acids, they function as enzymes, membrane carriers,
and hormones. The RDA for both men and women is 0.8 g/kg of body
weight/d of protein and is based on meta-analysis of nitrogen balance
studies (Table S-7). Amino acids are dietary components of protein; nine
amino acids are considered indispensable and thus dietary sources must
be provided. The relative ratio of indispensable amino acids in a food
protein and its digestibility determines the quality of the dietary protein
(see Table S-8).

TABLE S-4 Criteria and Dietary Reference Intake Values for
Total Fat by Life Stage Group

AIa (g/d)

Life Stage Group Criterion Male Female

0 through 6 mo Average consumption of total fat from 31 31
human milk

7 through 12 mo Average consumption of total fat from 30 30
human milk and complementary foods

1 through 3 y NDb ND
4 through 8 y ND ND
9 through 13 y ND ND

14 through 18 y ND ND
> 18 y ND ND
Pregnancy ND ND

14 through 18 y ND ND
19 through 50 y ND ND

Lactation ND ND
14 through 18 y ND ND
19 through 50 y ND ND

a AI = Adequate Intake: the observed average or experimentally determined intake by a
defined population or subgroup that appears to sustain a defined nutritional status,
such as growth rate, normal circulating nutrient values, or other functional indicators
of health. The AI is used if sufficient scientific evidence is not available to derive an
Estimated Average Requirement (EAR). For healthy infants receiving human milk, the
AI is the mean intake. The AI is not equivalent to a Recommended Dietary Allowance
(RDA).
b ND = not determined.
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TABLE S-5 Criteria and Dietary Reference Intake Values for
n-6 Polyunsaturated Fatty Acids (Linoleic Acid) by Life Stage
Group

AI (g/d)a

Life Stage Group Criterion Male Female

0 through 6 mo Average consumption of total n-6 fatty 4.4 4.4
acids from human milk

7 through 12 mo Average consumption of total n-6 fatty 4.6 4.6
acids from human milk and
complementary foods

1 through 3 y Median intake of linoleic acid from CSFIIb 7 7
4 through 8 y Median intake of linoleic acid from CSFII 10 10
9 through 13 y Median intake of linoleic acid from CSFII 12 10

14 through 18 y Median intake of linoleic acid from CSFII 16 11
19 through 30 y Median intake of linoleic acid from CSFII 17 12
31 through 50 y Median intake of linoleic acid from CSFII 17 12

for 19 to 30 y group
51 through 70 y Median intake of linoleic acid from CSFII 14 11

> 70 y Median intake of linoleic acid from CSFII 14 11
for 51 through 70 y group

Pregnancy
14 through 18 y Median intake of linoleic acid from CSFII 13

for all pregnant women
19 through 50 y Median intake of linoleic acid from CSFII 13

for all pregnant women
Lactation

14 through 18 y Median intake of linoleic acid from CSFII 13
for all lactating women

19 through 50 y Median intake of linoleic acid from CSFII 13
for all lactating women

a AI = Adequate Intake: the observed average or experimentally determined intake by a
defined population or subgroup that appears to sustain a defined nutritional status,
such as growth rate, normal circulating nutrient values, or other functional indicators
of health. The AI is used if sufficient scientific evidence is not available to derive an
Estimated Average Requirement (EAR). For healthy infants receiving human milk, the
AI is the mean intake. The AI is not equivalent to a Recommended Dietary Allowance
(RDA).
b CSFII = Continuing Survey of Food Intake by Individuals.
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TABLE S-6 Criteria and Dietary Reference Intake Values for
n-3 Polyunsaturated Fatty Acids (α-Linolenic Acid) by Life
Stage Group

AIa (g/d)

Life Stage Group Criterion Male Female

0 through 6 mo Average consumption of total n-3 fatty 0.5 0.5
acids from human milk

7 through 12 mo Average consumption of total n-3 fatty 0.5 0.5
acids from human milk and
complementary foods

1 through 3 y Median intake of α-linolenic acid from 0.7 0.7
CSFIIb

4 through 8 y Median intake of α-linolenic acid from 0.9 0.9
CSFII

9 through 13 y Median intake of α-linolenic acid from 1.2 1.0
CSFII

14 through 18 y Median intake of α-linolenic acid from 1.6 1.1
CSFII

19 through 30 y Highest median intake of α-linolenic acid 1.6 1.1
from CSFII for all adult age groups

31 through 50 y Highest median intake of α-linolenic acid 1.6 1.1
from CSFII for all adult age groups

51 through 70 y Highest median intake of α-linolenic acid 1.6 1.1
from CSFII for all adult age groups

> 70 y Highest median intake of α-linolenic acid 1.6 1.1
from CSFII for all adult age groups

Pregnancy
14 through 18 y Median intake of α-linolenic acid from 1.4

CSFII for all pregnant women
19 through 50 y Median intake of α-linolenic acid from 1.4

CSFII for all pregnant women
Lactation

14 through 18 y Median intake of α-linolenic acid from 1.3
CSFII for all lactating women

19 through 50 y Median intake of α-linolenic acid from 1.3
CSFII for all lactating women

a AI = Adequate Intake: the observed average or experimentally determined intake by a
defined population or subgroup that appears to sustain a defined nutritional status,
such as growth rate, normal circulating nutrient values, or other functional indicators
of health. The AI is used if sufficient scientific evidence is not available to derive an
Estimated Average Requirement (EAR). For healthy infants receiving human milk, the
AI is the mean intake. The AI is not equivalent to a Recommended Dietary Allowance
(RDA).
b CSFII = Continuing Survey of Food Intake by Individuals.



12 DIETARY REFERENCE INTAKES

TABLE S-7 Criteria and Dietary Reference Intake Values for
Protein by Life Stage Group

Life Stage Group Criterion

0 through 6 mo Average consumption of protein from human milk
7 through 12 mo Nitrogen equilibrium plus protein deposition
1 through 3 y Nitrogen equilibrium plus protein deposition
4 through 8 y Nitrogen equilibrium plus protein deposition
9 through 13 y Nitrogen equilibrium plus protein deposition

14 through 18 y Nitrogen equilibrium plus protein deposition
> 18 y Nitrogen equilibrium
Pregnancy

14 through 18 y Nitrogen equilibrium plus protein deposition
19 through 50 y Nitrogen equilibrium plus protein deposition

Lactation
14 through 18 y Nitrogen equilibrium plus milk nitrogen
19 through 50 y Nitrogen equilibrium plus milk nitrogen

CRITERIA AND PROPOSED VALUES FOR TOLERABLE
UPPER INTAKE LEVELS

A risk assessment model is used to derive Tolerable Upper Intake Levels
(ULs). The model consists of a systematic series of scientific consider-
ations and judgments. The hallmark of the risk assessment model is the
requirement to be explicit in all of the evaluations and judgments made.

There were insufficient data to use the model of risk assessment to set
a UL for total fat, monounsaturated fatty acids, n-6 and n-3 polyunsaturated
fatty acids, protein, or amino acids. While increased serum low density
lipoprotein cholesterol concentrations, and therefore risk of coronary
heart disease, may increase at high intakes of saturated fatty acids, trans
fatty acids, or cholesterol, a UL is not set for these fats because the level at
which risk begins to increase is very low and cannot be achieved by usual

a  AI = Adequate Intake, RDA = Recommended Dietary Allowance. The AI is the observed
average or experimentally determined intake by a defined population or subgroup that
appears to sustain a defined nutritional status, such as growth rate, normal circulating
nutrient values, or other functional indicators of health. It is used if sufficient scientific
evidence is not available to derive an EAR. For healthy infants receiving human milk, the
AI is the mean intake. The AI is not equivalent to an RDA. The RDA is the intake that
meets the nutrient need of almost all (97–98 percent) individuals in a group.
b EAR = Estimated Average Requirement. The intake that meets the estimated nutrient
needs of half the individuals in a group.



SUMMARY 13

diets and still have adequate intakes of all other required nutrients. It is
thus recommended that saturated fatty acid, trans fatty acid, and cholesterol
consumption be as low as possible while consuming a nutritionally ade-
quate diet. Although there were insufficient data to set a UL for added
sugars, a maximal intake level of 25 percent or less of energy is suggested
to prevent the displacement of foods that are major sources of essential
micronutrients (see Chapter 11).

Although a specific UL was not set for any of the macronutrients, the
absence of definitive data does not signify that people can tolerate chronic
intakes of these substances at high levels. Like all chemical agents, nutri-
ents and other food components can produce adverse effects if intakes are
excessive. Therefore, when data are extremely limited or conflicting, extra
caution may be warranted in consuming levels significantly above that
found in typical food-based diets.

AI

c The EAR and RDA for pregnancy are only for the second half of pregnancy. For the
first half of pregnancy, the protein requirements are the same as those of the non-
pregnant woman.
NOTE:  Due to a calculation error in the prepublication copy, values are changed for:
RDA for reference infants 7 through 12 mo from 13.5 g/d to 11.0 g/d; EAR for infants
7 through 12 mo from 1.1 g/kg/d to 1.0 g/kg/d; RDA for infants 7 through 12 mo
from 1.5 g/kg/d to 1.2 g/kg/d;  EAR for children 1 through 3 y from 0.88 g/kg/d to
0.87 g/kg/d; RDA for children 1 through 3 y from 1.10 g/kg/d to 1.05 g/kg/d; RDA
for lactating women from 1.1 g/kg/d to 1.3 g/kg/d.

AI or RDA for
Reference Individuala

(g/d) EARb (g/kg/d) RDA (g/kg/d)

Males Females Males Females Males Females (g/kg/d)c

9.1 (AI) 9.1 (AI) 1.52
11.0 11.0 1.0 1.0 1.2 1.2
13 13 0.87 0.87 1.05 1.05
19 19 0.76 0.76 0.95 0.95
34 34 0.76 0.76 0.95 0.95
52 46 0.73 0.71 0.85 0.85
56 46 0.66 0.66 0.80 0.80

71c 0.88 1.1
71 0.88 1.1

71 1.05 1.3
71 1.05 1.3

AI
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ACCEPTABLE MACRONUTRIENT DISTRIBUTION
RANGES FOR HEALTHY DIETS

Dietary Reference Intakes have been set for carbohydrate, n-6 and n-3
polyunsaturated fatty acids, protein, and amino acids based on controlled
studies in which the actual amount of nutrient provided or utilized is
known, or based on median intakes from national survey data. A growing
body of evidence has shown that macronutrients, particularly fats and car-
bohydrate, play a role in the risk of chronic diseases.

Although various guidelines have been established that suggest a
maximal intake level of fat and fatty acids (e.g., American Heart Associa-
tion [Krauss et al., 1996], Dietary Guidelines for Americans [USDA/HHS,
2000]), the scientific evidence suggests that individuals can consume mod-
erate levels without risk of adverse health effects, while increased risk may
occur with the chronic consumption of diets that are too low or too high
in these macronutrients. Much of this evidence is based on clinical end-
points (e.g., risk of coronary heart disease (CHD), diabetes, cancer, and
obesity), which are associations rather than distinct endpoints. Further-
more, because there may be factors other than diet that may contribute to
chronic diseases, it is not possible to determine a defined level of intake at
which chronic diseases may be prevented or may develop.

Based on the evidence to suggest a role in chronic diseases, as well as
information to ensure sufficient intakes of essential nutrients, Acceptable
Macronutrient Distribution Ranges (AMDR) have been estimated for indi-
viduals (see Chapter 11). An AMDR is defined as a range of intakes for a
particular energy source that is associated with reduced risk of chronic

TABLE S-8 FNB/IOM Protein Quality Scoring
Pattern (mg/g protein)

Recommended
Indispensable Amino Acid FNB/IOM Patterna

Histidine 18
Isoleucine 25
Leucine 55
Lysine 51
Methionine + cysteine 25
Phenylalanine + tyrosine 47
Threonine 27
Tryptophan 7
Valine 32

a Based on Estimated Average Requirements for 1- to 3-year-old children
for both indispensable amino acids and total protein.



SUMMARY 15

diseases while providing adequate intakes of essential nutrients. The AMDR
is expressed as a percentage of total energy intake because its require-
ment, in a classical sense, is not independent of other energy fuel sources
or of the total energy requirement of the individual. Each must be
expressed in terms relative to each other. A key feature of each AMDR is
that it has a lower and upper boundary, some determined mainly by the
lowest or highest value judged to have an expected impact on health. If an
individual consumes below or above this range, there is a potential for
increasing the risk of chronic diseases shown to affect long-term health, as
well as increasing the risk of insufficient intakes of essential nutrients.

When fat intakes are low and carbohydrate intakes are high, interven-
tion studies, with the support of epidemiological studies, demonstrate a
reduction in plasma high density lipoprotein (HDL) cholesterol concen-
tration, an increase in the plasma total cholesterol:HDL cholesterol ratio,
and an increase in plasma triacylglycerol concentration, all consistent with
an increased risk of CHD. Conversely, interventional studies show that
when fat intakes are high, many individuals gain additional weight. Weight
gain on high fat diets can be detrimental to individuals already susceptible
to obesity and will worsen the metabolic consequences of obesity, particu-
larly risk of CHD. Moreover, high fat diets are usually accompanied by
increased intakes of saturated fatty acids, which can raise plasma low den-
sity lipoprotein cholesterol concentrations and further heighten risk for
CHD. Based on the apparent risk for CHD that may occur on both low and
high fat diets, and the increased risk for CHD at higher carbohydrate
intakes, an AMDR for fat and carbohydrate is estimated to be 20 to 35 and
45 to 65 percent of energy, respectively, for all adults. By consuming fat
and carbohydrate within these ranges, the risk for CHD, as well as obesity
and diabetes, may be kept at a minimum. Furthermore, these ranges allow
for sufficient intakes of essential nutrients, while keeping the intake of
saturated fat at moderate levels. To complement these ranges, the AMDR
for protein is 10 to 35 percent of energy.

Based on usual median intakes of energy, it is estimated that a lower
boundary level of 5 percent of energy will meet the Adequate Intake (AI)
for linoleic acid (Chapter 8). An upper boundary for linoleic acid is set at
10 percent of energy for three reasons: (1) individual dietary intakes of
linoleic acid in the North American population rarely exceed 10 percent
of energy, (2) epidemiological evidence for safety of intakes greater than
10 percent of energy are generally lacking, and (3) high intakes of linoleic
acid create a pro-oxidant state that may predispose to several chronic dis-
eases, such as CHD and cancer. Therefore, an AMDR of 5 to 10 percent of
energy is suggested for linoleic acid.

The AMDR for α-linolenic acid is set at 0.6 to 1.2 percent of energy.
Ten percent of this range can be consumed as eicosapentaenoic acid
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(EPA) and/or docosahexaenoic acid (DHA). The lower boundary of the
range meets the AI for α-linolenic acid (Chapter 8). The upper boundary
corresponds to the highest intakes from foods consumed by individuals in
the United States and Canada. A growing body of literature suggests that
diets higher in α-linolenic acid, EPA, and DHA may afford some degree of
protection against CHD. Because the physiological potency of EPA and
DHA is much greater than that for α-linolenic acid, it is not possible to
estimate one AMDR for all n-3 fatty acids.

No more than 25 percent of energy from added sugars should be
consumed. This maximal intake level is based on ensuring sufficient
intakes of essential micronutrients that are, for the most part, present in
relatively low amounts in foods and beverages that are major sources of
added sugars in North American diets.

USING DIETARY REFERENCE INTAKES TO ASSESS
NUTRIENT INTAKES OF GROUPS

Suggested uses of Dietary Reference Intakes (DRIs) appear in Box S-2.
The transition from using previously published Recommended Dietary
Allowances (RDAs) and Reference Nutrient Intakes (RNIs) to using each
of the DRIs appropriately will require time and effort by health professionals
and others.

For statistical reasons that are addressed briefly in Chapter 13 and in
more detail in the report Dietary Reference Intakes: Applications in Dietary
Assessment (IOM, 2000), the Estimated Average Requirement (EAR) is the
appropriate reference intake to use in assessing the nutrient intake of
groups, whereas the RDA is not. When assessing nutrient intakes of groups,
it is important to consider the variation in intake in the same individuals
from day to day, as well as underreporting. With these considerations, the
prevalence of inadequacy for a given nutrient may be estimated by using
national survey data and determining the percentage of the population
below the EAR (see Chapter 13).

Assuming a normal distribution of requirements, the percentage of
surveyed individuals whose intake is less than the EAR equals the percent-
age of individuals whose diets are considered inadequate based on the
criteria of inadequacy chosen to determine the requirement. For example,
intake data from the Continuing Survey of Food Intakes by Individuals
(1994–1996, 1998), which collected 24-hour diet recalls for 1 or 2 days,
indicate that:

• Less than 5 percent of adults at that time consumed dietary carbo-
hydrate at a level less than the EAR.
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BOX S-2
Uses of Dietary Reference Intakes for Healthy Individuals and Groups

Type of Use For an Individuala For a Groupb

Assessment EAR: use to examine the
probability that usual intake
is inadequate.

EERd: use to examine the
probability that usual energy
intake is inadequate.

RDA: usual intake at or
above this level has a low
probability of inadequacy.

AIc: usual intake at or above
this level has a low probabil-
ity of inadequacy.

UL: usual intake above this
level may place an individual
at risk of adverse effects
from excessive nutrient
intake.

EAR: use to estimate the prevalence
of inadequate intakes within a
group.

EER: use to estimate the prevalence
of inadequate energy intakes within
a group.

RDA: do not use to assess intakes of
groups.

AIc: mean usual intake at or above
this level implies a low prevalence of
inadequate intakes.

UL: use to estimate the percentage
of the population at potential risk of
adverse effects from excess nutrient
intake.

Planning RDA: aim for this intake.

AIc: aim for this intake.

UL: use as a guide to limit
intake; chronic intake of
higher amounts may in-
crease the potential risk of
adverse effects.

EAR: use to plan an intake distribu-
tion with a low prevalence of
inadequate intakes.

EER: use to plan an energy intake
distribution with a low prevalence of
inadequate intakes.

AIc: use to plan mean intakes.

UL: use to plan intake distributions
with a low prevalence of intakes
potentially at risk of adverse effects.

RDA = Recommended Dietary Allowance
EER = Estimated Energy Requirement
EAR = Estimated Average Requirement

AI = Adequate Intake
UL = Tolerable Upper Level

a Evaluation of true status requires clinical, biochemical, and anthropometric data.
b Requires statistically valid approximation of distribution of usual intakes.
c For the nutrients in this report, AIs are set for infants for all nutrients, and for other age

groups for fiber and n-6 and n-3 fatty acids. The AI may be used as a guide for infants as it
reflects the average intake from human milk. Infants consuming formulas with the same
nutrient composition as human milk are consuming an adequate amount after adjustments
are made for differences in bioavailability. When the AI for a nutrient is not based on mean
intakes of healthy populations, this assessment is made with less confidence.

d The EER may be used as the EAR for these applications.
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• Less than 5 percent of children and adults consumed protein at
levels less than the EAR.

• Less than 5 percent of adults consumed Dietary Fiber at levels greater
than the AI.

RESEARCH RECOMMENDATIONS

Four major types of information gaps were noted: (1) a lack of data
designed specifically to estimate average requirements for fiber and fat in
presumably healthy humans, (2) a lack of data on the needs of macro-
nutrients of infants, children, adolescents, the elderly, and pregnant
women, (3) a lack of multidose, long-term studies to determine the role of
specific macronutrients in reducing the risk of certain chronic diseases,
and (4) a lack of studies designed to detect adverse effects of chronic high
intakes of specific macronutrients.

Highest priority is thus given to studies that address the following
research topics:

• long-term, dose–response studies to help identify the requirement
of individual macronutrients that are essential in the diet (e.g., essential
amino acids and n-6 and n-3 polyunsaturated fats) for all life stage and
gender groups. It is recognized that it is not possible to identify a defined
intake level of fat for maintaining health and decreasing risk of disease;
however, it is recognized that further information is needed to identify
acceptable ranges of intake for fat, as well as for protein and carbohydrate
that are based on prevention of chronic diseases and maintaining health;

• studies to further understand the beneficial roles of Dietary and
Functional Fibers in human health;

• studies during pregnancy designed to determine protein and energy
needs;

• information on the form, frequency, intensity, and duration of
exercise and physical activity that is successful in managing body weight in
both children and adults;

• long-term studies on the role of glycemic response in preventing
chronic diseases, such as diabetes and coronary heart disease, in healthy
individuals, and;

• studies to investigate the levels at which adverse effects occur with
chronic high intakes of specific macronutrients. For some nutrients, such
as saturated fat and cholesterol, biochemical indicators of adverse effects
can occur at very low intakes. Thus, more information is needed to ascer-
tain defined levels of intakes at which onset of relevant health risks (e.g.,
obesity, coronary heart disease, and diabetes) occur.
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1
Introduction to Dietary

Reference Intakes

Dietary Reference Intakes (DRIs) comprise a set of reference values
for specific nutrients, each category of which has special uses. The devel-
opment of DRIs expands on the periodic reports called Recommended Dietary
Allowances, published from 1941 to 1989 by the National Academy of
Sciences, and Recommended Nutrient Intakes, published by the Canadian gov-
ernment. This comprehensive effort is being undertaken by the Standing
Committee on the Scientific Evaluation of Dietary Reference Intakes of
the Food and Nutrition Board, Institute of Medicine, the National Academies,
in collaboration with Health Canada. See Appendix B for a description of
the overall process, its origins, and other relevant issues that developed as
a result of this new process.

WHAT ARE DIETARY REFERENCE INTAKES?

The reference values, collectively called the Dietary Reference Intakes
(DRIs), include the Estimated Average Requirement (EAR), Recommended
Dietary Allowance (RDA), Adequate Intake (AI), and Tolerable Upper Intake
Level (UL) (Box 1-1). Establishment of these reference values requires that a
criterion of nutritional adequacy be carefully chosen for each nutrient, and
that the population for whom these values apply be carefully defined.

A requirement is defined as the lowest continuing intake level of a
nutrient that, for a specific indicator of adequacy, will maintain a defined
level of nutriture in an individual. The chosen criterion or indicator of
nutritional adequacy upon which EARs and AIs are based is identified for
each nutrient. The criterion may differ for individuals at different life
stages. Particular attention is given throughout this report to the choice
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and justification of the criterion used to establish requirement values and
the intake levels beyond which the potential for increased risk of adverse
effects may occur.

CATEGORIES OF DIETARY REFERENCE INTAKES

Estimated Average Requirement1

The Estimated Average Requirement (EAR) is the daily intake value that is
estimated to meet the requirement, as defined by the specified indicator

BOX 1-1
Dietary Reference Intakes

Recommended Dietary Allowance (RDA): the average daily dietary nutrient
intake level sufficient to meet the nutrient requirement of nearly all (97 to 98 percent)
healthy individuals in a particular life stage and gender group.

Adequate Intake (AI): the recommended average daily intake level based on observed
or experimentally determined approximations or estimates of nutrient intake by a group
(or groups) of apparently healthy people that are assumed to be adequate—used when
an RDA cannot be determined.

Tolerable Upper Intake Level (UL): the highest average daily nutrient intake
level that is likely to pose no risk of adverse health effects to almost all individuals in
the general population. As intake increases above the UL, the potential risk of adverse
effects may increase.

Estimated Average Requirement (EAR): the average daily nutrient intake level
estimated to meet the requirement of half the healthy individuals in a particular life
stage and gender group.a

a In the case of energy, an Estimated Energy Requirement (EER) is pro-
vided. The EER is the average dietary energy intake that is predicted to
maintain energy balance in a healthy adult of a defined age, gender, weight,
height, and level of physical activity consistent with good health. In children
and pregnant and lactating women, the EER is taken to include the needs
associated with the deposition of tissues or the secretion of milk at rates
consistent with good health.

1The definition of EAR implies a median as opposed to a mean, or average. The
median and average would be the same if the distribution of requirements followed
a symmetrical distribution and would diverge if a distribution were skewed.
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or criterion of adequacy, in half of the apparently healthy individuals in a
life stage or gender group (see Figure 1-1). A normal or symmetrical distri-
bution (median and mean are similar) is usually assumed for setting the
EAR. At an intake level equal to the EAR, half of a specified group would
not have their nutritional needs met. This is equivalent to saying that
randomly chosen individuals from the population would have a 50:50
chance of having their requirement met at this intake level. This use follows
the precedent set by others who have used the term “Estimated Average
Requirement” for reference values similarly derived but meant to be applied
to population intakes (COMA, 1991).

The EAR’s usefulness as a predictor of an individual’s requirement
depends on the appropriateness of the choice of the nutritional status
indicator or criterion and the type and amount of data available. The general
method used to set the EAR is the same for all nutrients. The specific
approaches, which are provided in Chapters 5 through 10, differ since
each nutrient has its own indicator(s) of adequacy, and different amounts
and types of data are available for each.

The EAR serves three major functions: as the basis for the Recom-
mended Dietary Allowance (RDA), as the primary reference point for
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FIGURE 1-1 Dietary Reference Intakes. This figure shows that the Estimated Aver-
age Requirement (EAR) is the intake at which the risk of inadequacy is estimated
to be 0.5 (50 percent) to an individual. The Recommended Dietary Allowance
(RDA) is the intake at which the risk of inadequacy would be very small—only 0.02
to 0.03 (2 to 3 percent). At intakes between the RDA and the Tolerable Upper
Intake Level (UL), the risk of inadequacy and of excess are both estimated to be
close to 0.0. At intakes above the UL, the potential risk of adverse effects may
increase.
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assessing the adequacy of estimated nutrient intakes of groups (IOM,
2000a), and, together with estimates of the variance of intake, in planning
for the intake of groups (see Chapter 13).

Recommended Dietary Allowance

The Recommended Dietary Allowance (RDA) is an estimate of the mini-
mum daily average dietary intake level that meets the nutrient require-
ments of nearly all (97 to 98 percent) healthy individuals in a particular
life stage and gender group (see Figure 1-1). The RDA is intended to be
used as a goal for daily intake by individuals as this value estimates an
intake level that has a high probability of meeting the requirement of a
randomly chosen individual (about 97.5 percent). The process for setting
the RDA is described below; it depends on being able to set an EAR and
estimating the variance of the requirement itself. Note that if an EAR
cannot be set due to limitations of the data available, no RDA will be set.

This approach differs somewhat from that used by the World Health
Organization, Food and Agriculture Organization, and International Atomic
Energy Agency (WHO/FAO/IAEA) Expert Consultation on Trace Elements
in Human Nutrition and Health (WHO, 1996). That publication uses the
term basal requirement to indicate the level of intake needed to prevent
pathologically relevant and clinically detectable signs of a dietary inadequacy.
The term normative requirement indicates the level of intake sufficient to
maintain a desirable body store, or reserve. In developing an RDA (and
Adequate Intake [AI], see below), emphasis is placed instead on the reasons
underlying the choice of the criterion of nutritional adequacy used to
establish the requirement. It is not designated as basal or normative.

Method for Setting the RDA When Nutrient Requirements Are
Normally Distributed

When the distribution of a requirement among individuals in a group
can be assumed to be approximately normal (or symmetrical), and a stan-
dard deviation (SD) of requirement (SDrequirement) can be determined, the
EAR can be used to set the RDA as follows:

RDA = EAR + 2 × SDrequirement.

If data about variability in requirements are insufficient to calculate an
SDrequirement for that specific nutrient in that population group, but nor-
mality or symmetry can be assumed, then a coefficient of variation (CV) of
10 percent will be assumed and the calculation becomes:
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RDA = EAR + 2 (0.1 × EAR) = 1.2 × EAR.

The assumption of a 10 percent CV is based on extensive data on the
variation in basal metabolic rate (FAO/WHO/UNA, 1985; Garby and
Lammert, 1984) and the CV of 12.5 percent estimated for the protein
requirements in adults (FAO/WHO/UNA, 1985). If there is evidence of
greater variation, a larger CV will be used. In all cases, the method used to
derive the RDA from the EAR is stated.

Since it is derived from the EAR, the RDA’s usefulness as a goal
depends on the choice of nutritional status indicator or criterion and the
type and amount of data available. Its applicability also depends on the
accuracy of the form of the requirement distribution and the estimate of
the variance of requirements for the nutrient in the population subgroup
for which it is developed.

For many of the macronutrients, there are few direct data on the
requirements of children. In this case, EARs and RDAs for children are
based on extrapolations from adult values. The methods for extrapolation
are described in Chapter 2.

Method for Setting the RDA When Nutrient Requirements Are Not
Normally Distributed

If the requirement of a nutrient is not normally distributed but can be
transformed to normality, its EAR and RDA can be estimated by trans-
forming the data, calculating the 50th (for the EAR) and the 97.5th per-
centiles (for the RDA), and transforming these percentiles back into the
original units. In this case, the difference between the EAR and RDA can-
not be used to obtain an estimate of the variance in the requirement (the
SD or CV) since skewing is present.

Where factorial modeling is used to estimate the distribution of a
requirement from the distributions of the individual components of the
requirement (maintenance and growth), as was done in the case of protein
and amino acid recommendations for children, it is necessary to add
(termed convolve) the individual distributions. Estimating the convolution
of two distributions in general is very difficult. However, this is easy to do
with normal distributions since the average requirement is simply the sum
of the averages of the individual component distributions, and an SD of
the combined distribution can be estimated by standard statistical tech-
niques. The 97.5th percentile can then be estimated. (For a discussion of
the method, see Appendix B.)
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Adequate Intake

If sufficient scientific evidence is not available to calculate an EAR, a
reference intake called an Adequate Intake (AI) is provided instead of an
RDA. The AI is a value based on experimentally determined approxima-
tions or estimates of observed median nutrient intakes by a group (or
groups) of healthy people. In the judgment of the Standing Committee on
the Scientific Evaluation of Dietary Reference Intakes, the AI is expected
to meet or exceed the amount needed to maintain a defined nutritional
state or criterion of adequacy in essentially all members of a specific,
apparently healthy, population. Examples of defined nutritional states
include normal growth, maintenance of normal circulating nutrient values,
or other aspects of nutritional well-being or general health.

For young infants for whom human milk is the recommended sole
source of food for most nutrients for the first 4 to 6 months of life, the AI
is based on the daily mean nutrient intake of human milk in healthy, full-
term infants who are exclusively fed human milk. The goal may be differ-
ent for infants consuming infant formula for which the bioavailability of a
nutrient may be different from that in human milk. For adults, the AI may
be based on data from a single experiment, on estimated dietary intakes in
apparently healthy population groups, or on a review of data from differ-
ent approaches that, when considered alone, do not permit a reasonably
confident estimate of an EAR.

Comparison of the Recommended Dietary Allowance and the
Adequate Intake

There is much less certainty about an AI value than about an RDA
value. Because AIs depend on a greater degree of judgment than is applied
in estimating an EAR and subsequently an RDA, an AI may deviate signifi-
cantly from, and may be numerically higher than, an RDA. For this reason,
AIs must be used with greater care than is the case for RDAs. Also, an RDA
is usually calculated from an EAR by using a formula that takes into
account the expected variation in the requirement for the nutrient.

Both the AI and RDA are to be used as a goal for individual intake. In
general, the values are intended to cover the needs of nearly all apparently
healthy individuals in a life stage group. (For infants, the AI is the mean
intake when infants in the age group are consuming human milk. Larger
infants may have greater needs, which they meet by consuming more milk.)
The AI for a nutrient is expected to exceed the RDA for that nutrient, and
thus it should cover the needs of more than 97 to 98 percent of individuals.
The degree to which the AI exceeds the RDA is likely to differ among
nutrients and population groups. As with RDAs, AIs for children and ado-
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lescents may be extrapolated from adult values if no other usable data are
available.

For people who have diseases that increase specific nutrient require-
ments or who have other special health needs, the RDA and AI each may
serve as the basis for adjusting individual recommendations. Qualified
health professionals should adapt the recommended intake to cover higher
or lower needs.

Tolerable Upper Intake Level

The Tolerable Upper Intake Level (UL) is the highest level of daily nutri-
ent intake that is likely to pose no risk of adverse health effects for almost
all individuals in the specified life stage group (see Figure 1-1). As intake
increases above the UL, there is the potential for an increased risk of
adverse effects. The term tolerable was chosen to avoid implying a possible
beneficial effect. Instead, the term is intended to connote a level of intake
that can, with high probability, be tolerated biologically. The UL is not
intended to be a recommended level of intake, as there is no established
benefit for healthy individuals if they consume a nutrient in amounts
exceeding the recommended intake (the RDA or AI).

The UL is based on an evaluation conducted by using the methodology
for risk assessment of nutrients (see Chapter 4). The need for setting ULs
has arisen as a result of the increased fortification of foods with nutrients
and the use of dietary supplements by more people and in larger doses.
The UL applies to chronic daily use and is usually based on the total intake
of a nutrient from food, water, and supplements if adverse effects have
been associated with total intake. However, if adverse effects have been
associated with intake from supplements or food fortificants only, the UL
is based on nutrient intake from one or both of those sources only, rather
than on total intake. As in the case of applying AIs, professionals should
avoid very rigid application of ULs and first assess the characteristics of the
individual or group of concern (e.g., source of nutrient, physiological state
of the individual, length of sustained high intakes, etc.).

For some nutrients, data may not be sufficient for developing a UL.
This indicates the need for caution in consuming amounts greater than
the recommended intake; it does not mean that high intake poses no
potential risk of adverse effects.

The safety of routine, long-term intake above the UL is not well docu-
mented. Although members of the general population should be advised
not to routinely exceed the UL, intake above the UL may be appropriate
for investigation within well-controlled clinical trials. Clinical trials of doses
above the UL should not be discouraged as long as subjects participating
in these trials have signed informed consent documents regarding pos-
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sible toxicity and as long as these trials employ appropriate, safe monitor-
ing of trial subjects.

DETERMINATION OF ADEQUACY

Adequacy

In the derivation of Estimated Average Requirements (EARs) or Ade-
quate Intakes (AIs), close attention has been paid to the determination of
the most appropriate indicators of adequacy. A key question is, Adequate
for what? In many cases, a continuum of benefits may be ascribed to various
levels of intake of the same nutrient. One criterion may be deemed the
most appropriate to determine the risk that an individual will become
deficient in the nutrient, whereas another may relate to reducing the risk
of a chronic degenerative disease, such as certain neurodegenerative dis-
eases, cardiovascular disease, cancer, diabetes mellitus, or age-related
macular degeneration.

Each EAR and AI is described in terms of the selected criterion or
indicator of adequacy. The potential role of the macronutrients in the
reduction of disease risk was considered in developing the EARs. With the
acquisition of additional data relating intake more directly to chronic dis-
ease or disability, more sensitive and reliable indicators or criteria may be
validated and thus the criterion for setting the EAR may change.

Role in Health

Unlike other nutrients, energy-yielding macronutrients can be used
somewhat interchangeably (up to a point) to meet energy requirements of
an individual. In this report, EARs or AIs have been provided for specific
macronutrients or components of these classes of macronutrients where
the data were adequate to establish a causal relationship between intake
and a specific function or chosen criterion of adequacy. However, for the
general classes of nutrients and some of their subunits, this was not always
possible; the data do not support a specific number, but rather trends
between intake and chronic disease identify a range. Given that energy
needs vary with individuals, a specific number was not deemed appropriate
to serve as the basis for developing diets that would be considered to
decrease risk of disease, including chronic diseases, to the fullest extent
possible. Thus Acceptable Macronutrient Distribution Ranges (AMDRs)
have been established for macronutrients as percentages of total energy
intake. These are ranges of macronutrient intakes that are associated with
reduced risk of chronic disease, while providing recommended intakes of
other essential nutrients.
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Because much of this evidence is based on clinical endpoints (e.g.,
coronary heart disease, diabetes, cancer, and obesity), which point to
trends rather than distinct endpoints, and because there may be factors
other than diet that may contribute to chronic disease, it is not possible to
determine a defined level of intake at which chronic disease may be pre-
vented or may develop. Therefore, an AMDR is not considered to be a
Dietary Reference Intake (DRI) that provides a defined intake level. An
AMDR is provided to give guidance in dietary planning by taking into
account the trends related to decreased risk of disease identified in epide-
miological and clinical studies.

AMDRs are expressed as percentages of total energy intake because
their requirements, in a classical sense, are not independent of each other
or of the total energy requirement of the individual. Each must be
expressed in terms relative to the others. A key feature of each AMDR is
that it has a lower and upper boundary, some determined mainly by the
lowest or highest value judged to have an expected impact on health.
Above or below these boundaries there is a potential for increasing the
risk of chronic diseases shown to effect long-term health. The macro-
nutrients and their role in health are discussed in Chapter 3, as well as in
Chapters 5 through 11.

PARAMETERS FOR DIETARY REFERENCE INTAKES

Nutrient Intakes

Each type of Dietary Reference Intake (DRI) refers to the average
daily nutrient intake of individuals over time. The amount consumed may
vary substantially from day-to-day without ill effects in most cases. More-
over, unless otherwise stated, all values given for Estimated Average
Requirements (EARs), Recommended Dietary Allowances (RDAs), Ade-
quate Intakes (AIs), or Acceptable Macronutrient Distribution Ranges
(AMDRs) represent the quantity of the nutrient or food component to be
supplied by foods from diets similar to those consumed in Canada and the
United States. Healthy subgroups of the population often have different
requirements, so special attention has been given to the differences due to
gender and age, and often separate reference intakes are estimated for
specified subgroups.

For some nutrients (e.g., trace elements), a higher intake may be
needed for healthy people if the degree of absorption of the nutrient is
unusually low on a chronic basis (e.g., because of very high fiber intake). If
the primary source of a nutrient is a supplement, a higher or lower per-
centage may be absorbed and so a smaller or greater intake may be
required, or an adverse effect may be demonstrated at a lower level of
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intake. When this is an issue, it is discussed for the specific nutrient in the
section “Special Considerations.”

The DRIs apply to the apparently healthy population, and while the
RDAs and AIs are levels of intake recommended for individuals, meeting
these levels would not necessarily be sufficient for individuals who are
already malnourished. People with diseases that result in malabsorption
syndrome or who are undergoing treatment such as hemo- or peritoneal
dialysis may have increased requirements for some nutrients. Special
guidance should be provided for those with greatly increased nutrient
needs or for those with decreased needs such as energy due to disability or
decreased mobility. Although the RDA or AI may serve as the basis for
such guidance, qualified medical and nutrition personnel should make
necessary adaptations for specific situations.

Life Stage Groups

The life stage groups described below were chosen while keeping in
mind all the nutrients to be reviewed, not only those included in this
report. Additional subdivisions within these groups may be added in later
reports. If data are too sparse to distinguish differences in requirements by
life stage or gender group, the analysis provided in establishing the DRI
may be presented for a larger grouping.

Infancy

Infancy covers the period from birth through 12 months of age and is
divided into two 6-month intervals. Except for energy, the first 6-month
interval was not subdivided further because intake is relatively constant
during this time. That is, as infants grow, they ingest more food; however,
on a body-weight basis their intake remains nearly the same. During the
second 6 months of life, growth velocity slows, and thus daily nutrient
needs on a body-weight basis may be less than those during the first
6 months of life.

For protein, amino acids, carbohydrate, fat, and n-6 and n-3 poly-
unsaturated fatty acids, the average intake by full-term infants who are
born to healthy, well-nourished mothers and exclusively fed human milk
has been adopted as the primary basis for deriving the AI during the first
6 months of life. This is the model used for other nutrients as well. The
value established is thus not an EAR. The extent to which intake of human
milk may result in exceeding the actual requirements of the infant is not
known, and ethics of human experimentation preclude testing the levels
known to be potentially inadequate. Therefore, the AI, while determined
from the average composition of an average volume of milk consumed by
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this age group, is not an EAR in which only half of the group would be
expected to have their needs met.

Using the infant fed human milk as a model is in keeping with the
basis for estimating nutrient allowances of infants developed in the last
revisions of the RDAs (NRC, 1989) and Recommended Nutrient Intakes
(RNIs) (Health Canada, 1990). It also supports the recommendation that
exclusive human-milk feeding is the preferred method of feeding for
normal, full-term infants for the first 4 to 6 months of life. This recom-
mendation has also been made by the Canadian Paediatric Society (Health
Canada, 1990), the American Academy of Pediatrics (AAP, 1997), and in
the Food and Nutrition Board report, Nutrition During Lactation (IOM,
1991).

In general, for this report, special consideration was not given to pos-
sible variations in physiological need during the first month after birth, or
to the variations in intake of nutrients from human milk that result from
differences in milk volume and nutrient concentration during early lactation.
Specific DRIs to meet the needs of formula-fed infants are not proposed in
this report. The previously published RDAs and RNIs for infants have led
to much misinterpretation of the adequacy of human milk because of a
lack of understanding about their derivation for young infants. Although
they were based on human-milk composition and volume of intake, the
previous RDA and RNI values allowed for lower bioavailability of nutrients
from nonhuman milk. However, where warranted, information discussing
specific changes in bioavailability or source of nutrients for use in develop-
ing formulations is included in the “Special Considerations” section of
each chapter.

Ages 0 Through 6 Months. To determine the AI value for infants ages 0
through 6 months, the mean intake of a nutrient was calculated by multi-
plying the average concentration of the nutrient in human milk produced
during the second through sixth month of lactation (derived from con-
sensus values from several reported studies [Atkinson et al., 1995]) by the
average volume of milk intake of 0.78 L/d as reported from studies of full-
term infants by test weighing (Butte et al., 1984; Chandra, 1984; Hofvander
et al., 1982; Neville et al., 1988). Because there is variation in both of these
measures, the computed value represents the mean. It is assumed that
infants will have adequate access to human milk and that they will con-
sume increased volumes as needed to meet their requirements for mainte-
nance and growth.

Ages 7 Through 12 Months. The reference body-weight method that has
been used in previous DRI reports to extrapolate the AI for infants 0
through 6 months to an AI for older infants in the absence of direct data
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on older infants (IOM, 1997) is not appropriate for dietary fats or carbo-
hydrates. This is because the amount of energy required on a body-weight
basis is significantly lower during the second 6 months of life, due largely
to the slower rate of weight gain/kg of body weight. Therefore, the basis of
the AI values derived for this age category for dietary fats and carbo-
hydrates was the sum of the specific nutrient provided by 0.6 L/d of human
milk, which is the average volume of milk reported from studies in this age
category (Heinig et al., 1993), and that provided by the usual intake of
complementary weaning foods consumed by infants in this age category
(Specker et al., 1997). This approach is in keeping with the current recom-
mendations of the Canadian Paediatric Society (Health Canada, 1990),
the American Academy of Pediatrics (AAP, 1997), and Nutrition During
Lactation (IOM, 1991) for continued feeding of human milk to infants
through 9 to 12 months of age with appropriate introduction of solid
foods.

Toddlers: Ages 1 Through 3 Years

Two points were primary in dividing early childhood into two groups.
First, the greater velocity of growth in height during ages 1 through 3 years
compared with ages 4 through 5 years provides a biological basis for divid-
ing this period of life. Second, because children in the United States and
Canada begin to enter the public school system starting at age 4 years,
ending this life stage prior to age 4 years seemed appropriate so that food
and nutrition policy planners have appropriate targets and cutoffs for use
in program planning.

Data are sparse for indicators of nutrient adequacy on which to derive
DRIs for these early years of life. In these cases, extrapolation using the
methods described in Chapter 2 has been employed.

Early Childhood: Ages 4 Through 8 Years

Major biological changes in velocity of growth and changing endo-
crine status occur during ages 4 through 8 or 9 years (the latter depending
on onset of puberty in each gender); therefore, the category of 4 through
8 years of age is appropriate. For many nutrients, a reasonable amount of
data is available on nutrient intake and various criteria for adequacy (such
as nutrient balance measured in children 5 through 7 years of age) that
can be used as the basis for the EARs and AIs for this life stage group.
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Puberty/Adolescence: Ages 9 Through 13 Years and
14 Through 18 Years

Because current data support younger ages for pubertal development,
it was determined that the adolescent age group should begin at 9 years.
The mean age of onset of breast development (Tanner Stage 2) for white
girls in the United States is 10.0 ± 1.8 (standard deviation) years; this is a
physical marker for the beginning of increased estrogen secretion
(Herman-Giddens et al., 1997). In African-American girls, onset of breast
development is earlier (mean 8.9 years ± 1.9). The reason for the observed
racial differences in the age at which girls enter puberty is unknown. The
onset of the growth spurt in girls begins before the onset of breast devel-
opment (Tanner, 1990). The age group of 9 through 13 years allows for
this early growth spurt of girls.

For boys, the mean age of initiation of testicular development is 10.5
to 11 years, and their growth spurt begins two years later (Tanner, 1990).
Thus, to begin the second age category at 14 years and to have different
EARs and AIs for girls and boys for some nutrients at this age seems bio-
logically appropriate. All children continue to grow to some extent until as
late as age 20 years; therefore, having these two age categories span the
period of 9 through 18 years of age seems justified.

Young Adulthood and Middle-Aged Adults: Ages 19 Through 30
Years and 31 Through 50 Years

The recognition of the possible value of higher nutrient intakes dur-
ing early adulthood on achieving optimal genetic potential for peak bone
mass was the reason for dividing adulthood into ages 19 through 30 years
and 31 through 50 years. Moreover, mean energy expenditure decreases
during this 30-year period, and needs for nutrients related to energy
metabolism may also decrease. For some nutrients, the DRIs may be the
same for the two age groups. However, for other nutrients, especially those
related to energy metabolism, EARs (and RDAs) are likely to differ for
these two age groups.

Adulthood and Older Adults: Ages 51 Through 70 Years and
Over 70 Years

The age period of 51 through 70 years spans the active work years for
most adults. After age 70, people of the same age increasingly display
variability in physiological functioning and physical activity. A comparison
of people over age 70 who are the same chronological age may demon-
strate as much as a 15- to 20-year age-related difference in level of reserve
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capacity and functioning. This is demonstrated by age-related declines in
nutrient absorption and renal function. Because of the high variability in
functional capacity of older adults, the EARs and AIs for this age group
may reflect a greater variability in requirements for the older age catego-
ries. This variability may be most applicable to nutrients for which require-
ments are related to energy expenditure.

Pregnancy and Lactation

Recommendations for pregnancy and lactation may be subdivided
because of the many physiological changes and changes in nutrient need
that occur during these life stages. In setting EARs and AIs for these life
stages, however, consideration is given to adaptations to increased nutri-
ent demand, such as increased absorption and greater conservation of
many nutrients. Moreover, nutrients may undergo net losses due to physi-
ological mechanisms regardless of the nutrient intake. Thus, for some
nutrients, there may not be a basis for EAR values that are different during
these life stages than those for nonpregnant or nonlactating women of
comparable age.

Reference Heights and Weights

Use of Reference Heights and Weights

Reference heights and weights are useful when more specificity about
body size and nutrient requirements are needed than that provided by life
stage categories. For example, while the EAR may be developed for the 4-
to 8-year-old age group, a small 4-year-old child may be assumed to require
less than the EAR for that age group, whereas a large 8-year-old may
require more than the EAR. Based on the model for establishing RDAs,
however, the RDA (and for that matter, an AI) should meet the needs of
both.

In some cases, where data regarding nutrient requirements are
reported on a body-weight basis, it is necessary to have reference heights
and weights to transform the data for comparison purposes. Frequently,
where data regarding adult requirements represent the only available data
(e.g., on adverse effects of chronic high intakes for establishing Tolerable
Upper Intake Levels [ULs]), extrapolating on the basis of body weight or
size becomes a possible option to providing ULs for other age groups.
Thus, for this and other reports, when data are not available, the EAR or
UL for children or pregnant women may be established by extrapolation
from adult values on the basis of body weight.
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New Reference Heights and Weights

As is described in Appendix B, the DRI framework is an iterative pro-
cess that was undertaken in 1994. At that time, reference heights and
weights used in the DRI reports for the U.S. and Canadian populations
were developed based on data from the Third National Health and Nutri-
tion Examination Survey on body mass index (BMI) for children and
young adults (IOM, 1997). With the recent publication of new U.S.-based
growth charts for infants and children and the introduction of BMI rec-
ommendations for adults (Kuczmarski et al., 2000), reference heights and
weights for adults and children have been updated. Besides being more
current, these new reference heights and weights are more representative
of the U.S. population. Table 1-1 provides these updated values. Appendix B
includes information about the reference values that were used in the
earlier DRI reports.

SUMMARY

Dietary Reference Intakes (DRIs) is a generic term for a set of nutrient
reference values that include the Estimated Average Requirement, Recom-
mended Dietary Allowance, Adequate Intake, and Tolerable Upper Intake
Level. In addition, to provide guidance on the appropriate macronutrient
distribution thought to decrease risk of disease, including chronic disease,
Acceptable Macronutrient Distribution Ranges are established for the
macronutrients. These reference values have been developed for life stage
and gender groups in a joint U.S. and Canadian activity.

This report—one volume in a series—covers the DRIs for the dietary
macronutrients: carbohydrate, fiber, fat, cholesterol, protein, and amino
acids. It also provides recommendations for physical activity and energy
expenditure to maintain health and decrease risk of disease.
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2
Methods and

Approaches Used

OVERVIEW

Carbohydrate, fat, and protein all have two major functions as classes
of nutrients: they are required for many normal biological functions, and
they serve as energy sources for body fuel. Physical activity can modulate
the amount of energy required by the body. Specific subcomponents, such
as some amino acids and fatty acids, are required for normal growth and
development. Other subcomponents, such as fiber, play a role in decreas-
ing risk of chronic disease.

Carbohydrate and fat are the primary fuel sources. For this purpose
they can be largely utilized interchangeably. On the other hand, many
metabolic processes favor one source over another. For example, under
normal circumstances the brain functions almost exclusively on glucose
(Dienel and Hertz, 2001). Conversely, membranes are composed of spe-
cific lipids. To a large extent, the body can synthesize de novo the lipids
and carbohydrates it needs for these specialized functions. An exception is
the requirement for small amounts of carbohydrate and n-6 and n-3 poly-
unsaturated fatty acids. Otherwise, there are no specific “dietary require-
ments”1 for fat or carbohydrate for specific functions. Of course, some
mixture of fat and carbohydrate is required as a source of fuel to meet the
energy requirements of the body.

In order to apply the Dietary Reference Intake (DRI) process and
approach to energy-yielding macronutrients, it was necessary to separate

1A requirement is defined as the lowest continuing intake level of a nutrient
that, for a specific indicator of adequacy, will maintain a defined level of nutriture
in an individual.
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out the metabolic requirements for specific nutrients for which Estimated
Average Requirements (EARs) or Adequate Intakes (AIs) have been
derived. It was also necessary to provide quantitative guidance on propor-
tions of specific sources of required energy based on evidence of decreased
risk of disease (which, in most cases, is chronic disease).

Thus, a fundamental question to be addressed when reviewing the
role of these nutrients in health is, What is the most desirable mix of
energy sources that maximizes both health and longevity? Because indi-
viduals can live apparently healthy lives for long periods with a wide range
of intakes of specific energy nutrients, it is not surprising that this optimal
mix of such sources may be difficult to define. There are no clinical trials
that compare various energy sources with longevity in humans. For this
reason, recommendations about the desirable composition of energy
sources must be based on either short-term trials that address specific
health or disease endpoints, or surrogate markers (biomarkers) that cor-
relate well with these endpoints. A large number of research studies have
been carried out to examine the effects of the composition of energy
sources on surrogate markers, and these have provided a basis for making
recommendations.

Because diets with specific ratios of carbohydrate to fat, or specific
ratios of subcomponents of each, have associations with the risk of various
clinical endpoints (e.g., coronary heart disease, diabetes), Acceptable
Macronutrient Distribution Ranges (AMDRs) have been proposed that
consider these endpoints, as well as the need to consume diets that meet
recommended intakes for micronutrients and essential fatty acids. These
ranges are given as percentages of total energy intake. For any given diet
consumed by an individual, the sum of the contribution to energy intake
as a percentage of total intake for carbohydrate, fat, protein, and alcohol
must equal 100 percent. The acceptable range of macronutrient intake is a
range of intakes for a particular nutrient or class of nutrients that will
confer decreased risk of disease and provide the most desirable long-term
health benefits to apparently healthy individuals.

TYPES OF DATA USED

A number of disciplines have made key contributions to the evidence
linking energy-yielding nutrients to outcomes that may relate to human
health. Basic biological research, often involving animal models, provides
critical information on mechanisms that may link nutrient consumption
to beneficial or adverse health outcomes. While results from animal
experiments are generally not used when establishing Dietary Reference
Intakes (DRIs), selected animal studies are considered in the absence of
human data.
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Observational studies in humans include single-case and case-series
reports and cross-sectional, cohort, and case-control studies. Experimental
studies include randomized and nonrandomized therapeutic or preven-
tion trials and controlled dose–response, balance, turnover, factorial, and
depletion–repletion physiological studies. Clinical and epidemiological
observational studies play a valuable role in generating hypotheses con-
cerning the health risks and benefits of nutrient intake patterns. Random-
ized clinical trials in population groups of interest have the potential to
provide definitive comparisons between selected nutrient intake patterns
and subsequent health-related outcomes. Note, however, that randomized
trials attempting to relate diet to disease states also have important limita-
tions, which are elaborated in the discussion below.

Animal Models

Basic research using experimental animals affords considerable advan-
tage in terms of control of nutrient exposures, environmental factors, and
even genetics. In contrast, the relevance to free-living humans is often
unclear. In addition, dose levels and routes of administration that are
practical in animal experiments may differ greatly from those relevant to
humans. Nevertheless, due to the opportunity to elaborate specific mecha-
nisms of action, evidence from animal feeding experiments regarding pro-
tein, fat, and carbohydrate were included in the evidence reviewed when
developing the decisions concerning the ability to specify the DRIs for
these nutrients.

Human Feeding Studies

Controlled feeding studies, usually in a confined setting such as a
metabolic unit, can yield valuable information on the relationship between
nutrient consumption and health-related biomarkers. Much of the under-
standing of human nutrient requirements to prevent deficiencies is based
on studies of this type. Studies in which the subjects are confined allow for
close control of intake and activities and complete collection of nutrient
or metabolite losses through urine and feces. Recurring sampling of bio-
logical materials, such as blood and skin sloughing, is also possible in this
type of setting.

Nutrient balance studies measure nutrient status in relation to intake
at various levels. Depletion–repletion studies, by contrast, measure nutri-
ent status while subjects are maintained on diets containing marginally low
or deficient levels of a nutrient; the deficit is then corrected with mea-
sured amounts of the nutrient under study over a period of time. How-
ever, these two types of studies have several limitations. Typically, due to
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resource constraints, they are limited in time to a few days or weeks, so
longer-term outcomes cannot be measured with the same level of accuracy.
In addition, since subjects are often confined, findings cannot necessarily
be generalized to free-living individuals. Finally, the time and expense
involved in such studies usually limit the number of subjects and the
number of doses or intake levels that can be tested.

In spite of these limitations, feeding studies have played an important
role in understanding nutrient needs and metabolism. Such data were
considered in the DRI process and were given particular attention in the
absence of reliable data to directly relate nutrient intake to disease risk in
free-living individuals.

Observational Studies

In comparison to human feeding studies, observational epidemiological
studies are frequently of direct relevance to free-living humans, but they
lack the controlled setting. Hence, they are useful in establishing evidence
of an association between the consumption of a nutrient and disease risk,
but are limited in their ability to ascribe a causal relationship. A judgment
of causality may be supported by a consistency of association among studies
in diverse populations under various conditions, and it may be strength-
ened by the use of laboratory-based tools to measure exposures and
confounding factors, rather than other means of data collection such as
personal interviews.

In recent years, rapid advances in laboratory technology have made
possible the increased use of biomarkers of exposure, susceptibility, and
disease outcome in molecular epidemiological research. For example, one
area of great potential in advancing current knowledge of the effects of
diet on health is the study of genetic markers of disease susceptibility
(especially polymorphisms in genes that encode metabolizing enzymes) in
relation to dietary exposures. This development is expected to provide
more accurate assessments of the risk associated with different levels of
intake of nutrients and other food constituents.

While analytic epidemiological studies (studies that relate exposure to
disease outcomes in individuals) have provided convincing evidence of an
associative relationship between selected nondietary exposures and dis-
ease risk, there are a number of other factors that limit study reliability in
research relating nutrient intakes to disease risk (Sempos et al., 1999).
First, the variation in nutrient intake may be rather limited in the popula-
tion selected for study. This feature alone may yield modest relative risk
across intake categories in the population, even if the nutrient is an impor-
tant factor in explaining large disease-rate variations among populations.

A second factor, one that gives rise to particular concerns about con-
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founding, is the human diet’s complex mixture of foods and nutrients that
include many substances that may be highly correlated. Third, many cohort
and case-control studies have relied on self-reports of diet, typically from
food records, 24-hour recalls, or diet history questionnaires. Repeated
application of such instruments to the same individuals shows consider-
able variation in nutrient consumption estimates from one time period to
another with correlations often in the 0.3 to 0.8 range (Willett et al., 1985).

In addition, there may be systematic bias in nutrient consumption
estimates from self-reports, as the reporting of food intakes and portion
sizes may depend on individual characteristics such as body mass, ethnicity,
and age. For example, some have demonstrated more pronounced and
substantial underreporting of total energy consumption among obese
persons than among lean persons (Heitmann and Lissner, 1995; Schoeller
et al., 1990). Such systematic bias, in conjunction with random measure-
ment error and limited intake range, has the potential to greatly impact
analytical epidemiological studies based on self-reported dietary habits.
Cohort studies using objective (biomarker) measures of nutrient intake
may have an important advantage in the avoidance of systematic bias,
though important sources of bias (e.g., confounding) may remain.

Finally, there can be the problem of multicollinearity, in which two
independent variables are related to each other, resulting in a low p value
for an association with a dependent variable, when in fact each of the
independent variables have no relationship to the dependent variable
(Sempos et al., 1999).

Randomized Clinical Trials

By randomly allocating subjects to the nutrient exposure level of inter-
est, clinical trials eliminate the confounding that may be introduced in
observational studies by self-selection. The unique strength of randomized
trials is that, if the sample is large enough, the study groups will be similar
not only with respect to those confounding variables known to the investi-
gators, but also to other unknown factors that might be related to risk of
the disease. Thus, randomized trials achieve a degree of control of con-
founding that is simply not possible with any observational design strategy,
and thus they allow for the testing of small effects that are beyond the
ability of observational studies to detect reliably.

Although randomized controlled trials represent the accepted stan-
dard for studies of nutrient consumption in relation to human health,
they too possess important limitations. Specifically, individuals agreeing to
be randomized may be a select subset of the population of interest, thus
limiting the generalization of trial results. For practical reasons, only a
small number of nutrients or nutrient combinations at a single intake level
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are generally studied in a randomized trial (although a few intervention
trials to compare specific dietary patterns have been initiated in recent
years). In addition, the follow-up period will typically be short relative to
the preceding time period of nutrient consumption; the chronicity of
intake may be relevant to the health outcomes under study, particularly if
chronic disease endpoints are sought. Also, dietary intervention or supple-
mentation trials tend to be costly and logistically difficult, and the mainte-
nance of intervention adherence can be a particular challenge.

Many complexities arise in conducting studies among free-living
human populations. The totality of the evidence from observational and
intervention studies, appropriately weighted and corroborated by an under-
standing of the underlying mechanisms of action, must form the basis for
conclusions about causal relationships between particular exposures and
disease outcomes.

Weighing the Evidence

As a principle, only studies published in peer-reviewed journals have
been used in this report. However, raw data or studies published in other
scientific journals or readily available reports were considered if they
appeared to provide important information not documented elsewhere.

For estimating requirements for energy, doubly labeled water data was
collected from various investigators and subject to statistical analysis (see
Appendix I). For other nutrients, to the extent possible, original scientific
studies have been used to derive the DRIs. On the basis of a thorough
review of the scientific literature, clinical, functional, and biochemical indica-
tors of nutritional adequacy and excess were identified for each nutrient.

The quality of the studies was considered in weighing the evidence.
The characteristics examined included the study design and the represen-
tativeness of the study population; the validity, reliability, and precision of
the methods used for measuring intake and indicators of adequacy or
excess; the control of biases and confounding factors; and the power of
the study to demonstrate a given difference or correlation. Publications
solely expressing opinions were not used in setting DRIs. Each assessment
acknowledged the inherent reliability of each type of study design as
described above, and standard criteria concerning the strength and dose–
response and temporal pattern of estimated nutrient–disease or adverse
effect associations, the consistency of associations among studies of various
types, and the specificity and biological plausibility of the suggested rela-
tionships were applied (Hill, 1971). For example, biological plausibility
would not be sufficient in the presence of a weak association and lack of
evidence that exposure preceded the effect.
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Data were examined to determine whether similar estimates of the
requirement resulted from the use of different indicators and different
types of studies. For a single nutrient, the criterion or indicator of ade-
quacy for setting the Estimated Average Requirement (EAR) may differ
from one life stage group to another because the critical function, the risk
of a disease, or its biomarker may be different. When very poor or no data
were available for a given life stage group, extrapolation was made from
the EAR, Adequate Intake (AI), or Tolerable Upper Intake Level (UL) set
for another group; explicit and logical assumptions on relative require-
ments or potential risk of adverse effects were made. Because EARs can be
used for multiple purposes, they were established whenever sufficient sup-
porting data were available.

Data Limitations

Although the reference values are based on data, the data were often
scanty or drawn from studies that had limitations in addressing the various
questions that arose in reviewing the data. Therefore, many of the ques-
tions raised about the requirements for, and recommended intakes of,
these nutrients cannot be answered fully because of inadequacies in the
present database. Apart from studies of overt deficiency diseases, there is a
dearth of studies that address specific effects of inadequate intakes on
specific indicators of health status, and thus a research agenda is proposed
(see Chapter 14). For many of these nutrients, estimated requirements are
based on balance, biochemical indicators, and clinical deficiency data
because there is little information relating health status indicators to func-
tional sufficiency or insufficiency.

Thus, after careful review and analysis of the evidence, including
examination of the extent of congruent findings, scientific judgment was
used to determine the basis for establishing the values. The reasoning
used in developing the values is described for each nutrient in Chapters 5
through 11.

METHODS TO DETERMINE THE ADEQUATE INTAKE
FOR INFANTS

As for other nutrients in previous Dietary Reference Intake (DRI)
reports, the Adequate Intake (AI) for young infants (ages 0 through 6
months) is generally estimated to be the average intake by full-term infants
who are born to healthy, well-nourished mothers and who are exclusively
fed human milk. The extent to which intake of a nutrient from human
milk may exceed the actual requirements of infants is not known, and
ethics of human experimentation preclude the testing of levels known to
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be potentially inadequate. Using the infant exclusively fed human milk as
a model is in keeping with the basis for earlier recommendations for intake
(e.g., Health Canada, 1990; IOM, 1991). It also supports the recommenda-
tion that exclusive intake of human milk is the preferred method of feed-
ing for normal, full-term infants for the first 4 to 6 months of life. This
recommendation has been made by the Canadian Paediatric Society
(Health Canada, 1990), the American Academy of Pediatrics (AAP, 1997),
the Institute of Medicine (IOM, 1991), and many other expert groups,
even though most infants in the United States no longer receive human
milk by the age of 6 months.

In general, this report does not cover possible variations in physiologi-
cal need during the first month after birth or the variations in intake of
nutrients from human milk that result from differences in milk volume
and nutrient concentration during early lactation. In keeping with the
decision made by the Standing Committee on the Scientific Evaluation of
Dietary Reference Intakes, specific DRIs to meet the needs of formula-fed
infants have not been proposed in this report. The use of formula intro-
duces a large number of complex issues, one of which is the bioavailability
of different forms of the nutrient in different formula types. Where data
are available regarding adjustments that should be made for various for-
mulas, they are included in the “Special Considerations” sections of the
nutrient chapters.

Ages 0 Through 6 Months

Except for energy, the AI for infants ages 0 through 6 months was
based on: (1) the average concentration of the nutrient in human milk
from mothers who had been lactating from 2 to 6 months (using consen-
sus values from several reported studies, if possible), and (2) an average
volume of milk intake of 0.78 L/d. This volume was reported from studies
that used test weighing of full-term infants. In this procedure, the infant is
weighed before and after each feeding (Allen et al., 1991; Hofvander et
al., 1982; Michaelsen et al., 1994; Neville et al., 1988). Because there is
variation in both the composition of milk and the volume consumed, the
computed value represents the mean. It is assumed that infants will con-
sume increased volumes of human milk during growth spurts to meet
their needs for maintenance, as well as for growth.

Ages 7 Through 12 Months

There is evidence for different nutrient needs for energy, protein, and
amino acids during the period of infant growth and gradual weaning to a
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mixed diet of human milk and solid foods from ages 7 through 12 months.
There is little evidence, however, of markedly different needs for carbo-
hydrate, fat, and n-6 and n-3 polyunsaturated fatty acids.

In previous DRI reports, some Estimated Average Requirements
(EARs) for this age group were determined by extrapolating down from
the EAR for young adults by adjusting for metabolic or total body size and
growth. The AI was extrapolated up for infants ages 0 through 6 months
by using the same type of adjustment (IOM, 2000). However, for the
energy-yielding nutrients, these methods were not appropriate because
the amount of energy required per body weight is significantly lower dur-
ing the second 6 months, due largely to the slower rate of weight gain/kg
of body weight.

Instead, the basis of the AIs derived for this age category for carbo-
hydrate, fat, n-6 and n-3 polyunsaturated fatty acids, and protein was the
sum of: (1) the content of the nutrient provided by 0.6 L/d of human
milk, which is the average volume of milk reported from studies of infants
receiving human milk in this age category (Dewey et al., 1984; Heinig et
al., 1993), and (2) the content of the nutrient provided by the usual intakes
of complementary weaning foods consumed by infants in this age category.
Such an approach is in keeping with the current recommendations of the
Canadian Paediatric Society (Health Canada, 1990), the American Acad-
emy of Pediatrics (AAP, 1997), and the Institute of Medicine (IOM, 1991)
for continued feeding of infants with human milk through 9 to 12 months
of age with appropriate introduction of solid foods. This method has also
been used for some nutrients in previous DRI reports.

The amounts of fat and carbohydrate consumed from complementary
foods were determined by using data from the Third National Health and
Nutrition Examination Survey. One problem encountered in deriving
intake data in infants was the lack of available data on total nutrient intake
from a combination of human milk and solid foods in the second 6 months
of life. Most intake survey data do not identify the milk source, but the
published values indicate that cow milk and cow milk formula were most
likely consumed. Thus, it is assumed in deriving the AIs for infants 7
through 12 months of age that complementary food intake is similar in
both infants consuming human milk and formula-fed infants.

METHODS TO DETERMINE THE DIETARY
REQUIREMENTS FOR CHILDREN AND ADULTS

Setting Estimated Average Requirements for Children and Adults

As described previously, various types of studies can be considered for
estimating an average requirement. As discussed in Chapter 1, additional
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analysis of the data (e.g., transformation of data when nutrient require-
ments are not normally distributed) may be required. For determining
estimated energy requirements using a doubly labeled water database,
equations using stepwise multiple linear regressions were generated to
predict total energy expenditure based on age, gender, height, and weight.

Extrapolating Data from Adults to Children

When data are lacking to set an Estimated Average Requirement
(EAR) or Adequate Intake (AI) for children and adolescents, the EAR or
AI can be extrapolated down by scaling requirements to the 0.75 power of
body mass (IOM, 2001), which adjusts for metabolic differences demon-
strated to be related to body weight, as described by Kleiber (1947) and
explored further by West and coworkers (1997). Other approaches include
extrapolating down based on the reference body weights, which has been
done in developing Tolerable Upper Intake Levels (ULs) for some nutri-
ents (IOM, 1997). Neither of these approaches, however, was used for
setting an EAR or AI for the macronutrients under review as adequate
data were available to develop Dietary Reference Intakes (DRIs) directly
for the younger age groups.

Setting the Recommended Dietary Allowance for
Children and Adults

To account for variability in requirements because of growth rates and
other factors, a 10 percent coefficient of variation (CV) for the require-
ment is assumed unless data are available to support another value, as
described in Chapter 1. For carbohydrate, protein, and the indispensable
amino acids where EARs have been established, the CV was determined to
be greater than 10 percent.

Methods to Determine Increased Needs for Pregnancy

It is known that the placenta actively transports certain nutrients from
the mother to the fetus against a concentration gradient (Hay, 1994).
However, for many nutrients, experimental data that could be used to set
an EAR or AI for pregnancy are lacking. In these cases, the potential for
increased need for these nutrients during pregnancy is based on theoretical
considerations, including obligatory fetal transfer, if data are available,
and on increased maternal needs related to increases in energy or protein
metabolism, as applicable. Thus, in some cases, the EAR can be deter-
mined by the additional weight gained during pregnancy. Carmichael and
colleagues (1997) reported that the median weight gain of women who
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had good pregnancy outcomes was approximately 16 kg. In six studies of
U.S. women, no consistent relationship between maternal age and weight
gain was observed (IOM, 1990). Therefore, as is the case for protein, 16 kg
is added to the reference weight for nonpregnant adolescent girls and
women for setting the EAR.

Methods to Determine Increased Needs for Lactation

For the nutrients under study, it is assumed that the total requirement
of lactating women equals the requirement for the nonpregnant, non-
lactating woman of similar age plus an increment to cover the amount
needed for milk production. To allow for inefficiencies in use of certain
nutrients, the increment may be greater than the amount of the nutrient
contained in the milk produced. Details are provided in each nutrient
chapter.

ESTIMATES OF NUTRIENT INTAKE

Reliable and valid methods of food composition analysis are crucial in
determining the intake of a nutrient needed to meet a requirement. While
data regarding total fat, cholesterol, protein, and amino acid content of
various foods have been available for many years, data for individual fatty
acids have only recently been available. For nutrients such as energy, fiber,
and trans fatty acids, analytical methods to determine the content of the
nutrient in food have serious limitations.

Methodological Considerations

The quality of nutrient intake data varies widely across studies. The
most valid intake data are those collected from the metabolic study proto-
cols in which all food is provided by the researchers, amounts consumed
are measured accurately, and the nutrient composition of the food is
determined by reliable and valid laboratory analyses. Such protocols are
usually possible with only a few subjects. Thus, in many studies, intake data
are self-reported (e.g., through 24-hour recalls of food intake, diet records,
or food frequency questionnaires).

Potential sources of error in estimating intake from self-reported
intake data include over- or underreporting of portion sizes and frequency
of intake, omission of foods, and inaccuracies related to the use of food
composition tables (IOM, 2000; Lichtman et al., 1992; Mertz et al., 1991).
In addition, because a high percentage of the food consumed in the
United States and Canada is not prepared from scratch in the home, errors
can occur due to a lack of information on how a food was manufactured,
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prepared, and served. Therefore, the values reported by nationwide surveys
or studies that rely on self-reporting are often inaccurate and possibly
biased, with a greater tendency to underestimate actual intake (IOM, 2000).

It is well known that energy intake is underreported in national surveys
(Cook et al., 2000; Mertz et al., 1991; Schoeller et al., 1990). Estimates of
underreporting of energy intake in the Third National Health and Nutri-
tion Examination Survey were 18 percent of the adult men and 28 percent
of the adult women participating (Briefel et al., 1997). Underreporters
indicated that their fat intake was approximately 30.5 percent calories,
whereas “adequate” reporters indicated a fat intake of 35 percent of
calories. In addition, alcohol intake, which accounted for approximately
4 percent of the total energy intake in men and 2 percent in women, is
thought to be routinely underreported as well (McDowell et al., 1994).

Adjusting for Day-to-Day Variation

Because of day-to-day variation in dietary intakes, the distribution of
1-day (or 2-day) intakes for a group is wider than the distribution of usual
intakes, even though the mean of the intakes may be the same (for further
elaboration, see Chapter 13). To reduce this problem, statistical adjust-
ments have been developed (NRC, 1986; Nusser et al., 1996) that require
at least 2 days of dietary data from a representative subsample of the popu-
lation of interest. However, no accepted method is available to adjust for
the underreporting of intake, which may average as much as 18 to 28
percent for energy (Briefel et al., 1997; Mertz et al., 1991).

DIETARY INTAKES IN THE UNITED STATES AND CANADA

Sources of Dietary Intake Data

The major sources of current dietary intake data for the U.S. popula-
tion include the Third National Health and Nutrition Examination Survey
(NHANES III), which was conducted from 1988 to 1994 by the U.S. Depart-
ment of Health and Human Services, and the Continuing Survey of Food
Intakes by Individuals (CSFII), which was conducted by the U.S. Depart-
ment of Agriculture (USDA) from 1994 to 1996. NHANES III examined
30,000 individuals aged 2 months and older. A single 24-hour diet recall
was collected for all participants. A second recall was collected for a 5
percent nonrandom subsample to allow adjustment of intake estimates for
day-to-day variation. The CSFII collected two nonconsecutive 24-hour
recalls from approximately 16,000 individuals of all ages. Both surveys used
the food composition database developed by USDA to calculate nutrient
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intakes (Perloff et al., 1990) and were adjusted by the method of Nusser
and colleagues (1996).

Appendix D provides the mean and the 1st through 99th percentiles
of intake for added sugars and amino acids from NHANES III, adjusted by
methods described by the National Research Council (NRC, 1986) and by
Feinleib and coworkers (1993) for persons aged 6 years and older. Appen-
dix E provides similar data for energy, carbohydrate, dietary fiber, fat, fatty
acids, cholesterol, protein, and alcohol by life stage group from the first
phase of the CSFII, adjusted for day-to-day variation by the method of
Nusser and colleagues (1996).

Survey data from 1990 to 1997 for several Canadian provinces are
available for energy, carbohydrate, fat, saturated fat, and protein intake
(Appendix F).

Food Sources

For some nutrients, two types of information are provided about food
sources: identification of the foods that are the major contributors of the
nutrients to diets in the United States, and the food sources that have the
highest content of the nutrient. The determination of foods that are major
contributors depends on both nutrient content of a food and the total
consumption of the food (amount and frequency). Therefore, a food that
has a relatively low concentration of a nutrient might still be a large con-
tributor to total intake if that food is consumed in relatively large amounts.

SUMMARY

General methods for examining and interpreting the evidence for
establishing reference intakes for macronutrients are presented in this
chapter, with special attention given to infants, children, and pregnant
and lactating women. Methodological problems and sources of dietary
intake data are also discussed. Relevant details are provided in the nutri-
ent chapters that follow.
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3
Relationship of

Macronutrients and
Physical Activity to

Chronic Disease

OVERVIEW

Over the last 40 years, a growing body of evidence has accumulated
regarding the relationships among consumption of dietary fat, carbohydrate,
protein, and energy and risk of chronic disease. The fact that diets are
usually composed of a variety of foods that include varying amounts of
carbohydrate, protein, and various fats imposes some limits on the type of
research that can be conducted to ascertain causal relationships. The avail-
able data regarding the relationships among major chronic diseases that
have been linked with consumption of dietary energy and macronutrients
(fats, carbohydrates, fiber, and protein), as well as physical inactivity, are
discussed below and are reviewed in greater detail in the specific nutrient
chapters (Chapters 5 through 11) and the chapter on physical activity
(Chapter 12).

CANCER

Diet has long been suspected as a cancer-causing agent. Early studies
in animals showed that diet could influence carcinogenesis (Tannenbaum,
1942; Tannenbaum and Silverstone, 1957). Cross-cultural studies that com-
pare incidence rates of specific cancers across populations have found
great differences in cancer incidence, and dietary factors, at least in part,
have been implicated as causes of these differences (Armstrong and Doll,
1975; Gray et al., 1979; Rose et al., 1986). In addition, observational studies
have found strong correlations among dietary components and incidence
and mortality rates of cancer (Armstrong and Doll, 1975).
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Associations among dietary fat, carbohydrates, and protein and can-
cer have been hypothesized. Many of these associations, however, have
not been supported by clinical and interventional studies in humans.

Increased intakes of energy, total fat, n-6 polyunsaturated fatty acids,
cholesterol, sugars, protein, and some amino acids have been thought to
increase the risk of various cancers, whereas intakes of n-3 fatty acids,
dietary fiber, and physical activity are thought to be protective. The major
findings and potential mechanisms for these relationships are discussed
below.

Energy

Animal studies suggest that restriction of energy intake may inhibit
cell proliferation (Zhu et al., 1999) and tumor growth (Wang et al., 2000).
A risk of mortality from cancer has been associated with increased energy
intakes during childhood (Frankel et al., 1998; Must and Lipman, 1999).
Excess energy intake is a contributing factor to obesity, which is thought to
increase the risk of certain cancers (Carroll, 1998). To support this con-
cept, a number of studies have observed a positive association between
energy intake during adulthood and risk of cancer (Andersson et al., 1996;
Lissner et al., 1992; Lyon et al., 1987), whereas other studies did not find
an association (Stemmermann et al., 1985).

Dietary Fat

High intakes of dietary fat have been implicated in the development
of certain cancers. Early cross-cultural and case-control studies reported
strong associations between total fat intake and breast cancer (Howe et al.,
1991; Miller et al., 1978; van’t Veer et al., 1990), yet a number of epidemio-
logical studies, most in the last 15 years, have found little or no association
(Hunter et al., 1996; Jones et al., 1987; Kushi et al., 1992; van den Brandt
et al., 1993; Velie et al., 2000; Willett et al., 1987, 1992). Evidence from
epidemiological studies on the relationship between fat intake and colon
cancer has been mixed as well (De Stefani et al., 1997b; Giovannucci et al.,
1994; Willett et al., 1990). Howe and colleagues (1997) reported no asso-
ciation between fat intake and risk of colorectal cancer from the com-
bined analysis of 13 case-control studies. Epidemiological studies tend to
suggest that dietary fat intake is not associated with prostate cancer (Ramon
et al., 2000; Veierød et al., 1997b). Giovannucci and coworkers (1993),
however, reported a positive association between total fat consumption,
primarily animal fat, and risk of advanced prostate cancer. Findings on the
association between fat intake and lung cancer have been mixed (De
Stefani et al., 1997a; Goodman et al., 1988; Veierød et al., 1997a; Wu et al.,
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1994). Numerous mechanisms for the carcinogenic effect of dietary fat
have been proposed, including eiconasanoid metabolism, cellular prolifera-
tion, and alteration of gene expression (Birt et al., 1999).

Experimental evidence suggests several mechanisms in which n-3 fatty
acids may protect against cancer. n-3 Fatty acids, particularly docosahexaenoic
acid and eicosapentaenoic acid, have been shown to suppress neoplastic
transformation (Takahashi et al., 1992), inhibit cell growth and prolifera-
tion (Anti et al., 1992; Calviello et al., 1998; Grammatikos et al., 1994),
induce apoptosis (Calviello et al., 1998; Lai et al., 1996), and inhibit angio-
genesis (Rose and Connolly, 2000), which may occur by suppressing n-6
fatty acid eicosanoid production. Epidemiological studies have shown an
inverse relationship between fish consumption and the risk of breast and
colorectal cancer (Caygill and Hill, 1995; Caygill et al., 1996; Kaizer et al.,
1989; Sasaki et al., 1993; Willett et al., 1990).

Monounsaturated fatty acids have been reported as being protective
against breast, colon, and possibly prostate cancer (Bartsch et al., 1999).
However, there is also some epidemiological evidence for a positive asso-
ciation between these fatty acids and breast cancer risk in women with no
history of benign breast disease (Velie et al., 2000) and prostate cancer in
men (Schuurman et al., 1999). There may be protective effects associated
with olive oil (Rose, 1997; Trichopoulou et al., 1995; Willett, 1997); how-
ever, these benefits may reflect constituents other than monounsaturated
fatty acids.

Dietary Carbohydrate

While the data on sugar intake and cancer are limited and insufficient,
several case-control studies have shown an increased risk of colorectal cancer
among individuals with high intakes of sugar-rich foods (Benito et al.,
1990; Macquart-Moulin et al., 1986, 1987; Tuyns et al., 1988). Additionally,
high vegetable and fruit consumption and avoidance of foods containing
highly refined sugars were shown to be negatively correlated to the risk of
colon cancer (Giovannucci and Willett, 1994).

Dietary Fiber

There is some evidence based on observational and case-control studies
that fiber-rich diets are protective against colorectal cancer (Lanza, 1990;
Trock et al., 1990). There is also some epidemiological evidence of a pro-
tective effect of cereals and cereal fiber against colon carcinogenesis (Hill,
1997). Despite these and other positive findings, a number of important
studies (Fuchs et al., 1999; Giovannucci and Willett, 1994) and three recent
clinical intervention trials (Alberts et al., 2000; Bonithon-Kopp et al., 2000;
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Schatzkin et al., 2000) do not support a protective effect of dietary fiber
against colon cancer, and the issue remains to be resolved.

High-fiber diets may also be protective against the development of
colonic adenomas (Giovannucci et al., 1992; Hoff et al., 1986; Little et al.,
1993; Macquart-Moulin et al., 1987; Neugut et al., 1993). However, not all
studies have found a significant association between the dietary intake of
total, cereal, or vegetable fiber and colorectal adenomas, although a slight
reduction in risk was observed with increasing intake of fruit fiber (Platz et
al., 1997).

There are numerous hypotheses as to how fiber might protect against
the development of colon cancer. These include the dilution of carcino-
gens, procarcinogens, and tumor promoters in a bulky stool; a more rapid
rate of transit through the colon with high-fiber diets; a reduction in the
ratio of secondary bile acids to primary bile acids by acidifying colonic
contents; the production of butyrate from the fermentation of dietary fiber
by the colonic microflora; and the reduction of ammonia, which is known
to be toxic to cells (Harris and Ferguson, 1993; Jacobs, 1986; Klurfeld,
1992; Van Munster and Nagengast, 1993; Visek, 1978).

Fiber has been shown to lower serum estrogen concentrations (Rose
et al., 1991), and therefore may have a protective effect against hormone-
related cancers. Recent studies have shown a decreased risk of endome-
trial cancer (Barbone et al., 1993; Goodman et al., 1997), ovarian cancer
(Risch et al., 1994; Tzonou et al., 1993), and prostate cancer (Andersson
et al., 1996) with high fiber intakes. More research is needed before con-
clusions can be drawn on these relationships.

Although fiber has the ability to decrease blood estrogen concentra-
tions by a variety of different mechanisms (Rose et al., 1991), it is not yet
known whether this action is sufficient to decrease the risk of breast cancer.
Half of the epidemiological studies attempting to link low dietary fiber
intake to breast cancer have failed to show this relationship (Gerber, 1998).
The data on cereal intake and breast cancer risk are considerably stronger
than overall fiber intake (Rohan et al., 1993), suggesting that certain cereal
foods are protective or that only certain types and stages of breast cancer
respond to these interventions.

Physical Activity

Regular exercise, as recommended in this report, has been shown to
be negatively correlated with the risk of colon cancer (Colbert et al., 2001;
White et al., 1996). This is, in part, due to the reduction in obesity, which
is positively related to cancer (Carroll, 1998). In men and women who are
physically active, the risk of colon cancer is reduced by 30 to 40 percent
compared with those who are sedentary. A plausible mechanism for the
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effect of physical activity on colon cancer is the shortening of intestinal
transit time, thus reducing contact time between intestinal mucosa and
carcinogens and mutagens in the diet that are carried in the fecal stream
(Batty and Thune, 2000).

Examination of more than 30 epidemiological studies concluded that
regular physical activity decreased the risk of breast cancer by 20 to 40
percent (IARC, 2002). However, relatively few studies found a consistent
association between physical activity and decreased incidence of endome-
trial cancer. For prostate cancer, results of about 20 studies were less
consistent, with only moderately strong relationships. As endogenous sex
steroids have been implicated in the development of breast, endometrial,
and prostrate cancers, a plausible explanation for the inverse relationship
among physical activity and reproductive organ cancers may involve the
effect of exercise on the binding and turnover of sex steroids and
glucoregulatory hormones, as well as the overall effect of exercise on body
fat (IARC, 2002; Vainio and Bianchini, 2001).

With regard to the possible effect of exercise on other forms of cancer,
such as pancreatic cancer (Michaud et al., 2001), exercise may also play a
beneficial role by compensating for effects of excess energy intake; by
modifying the effects of carcinogens, cocarcinogens, and cancer promoters;
or by decreasing body fat and lessening the accumulation of cancer-causing
substances in body tissues (Shephard, 1990, 1996). Regular activity may
also bolster the immune system (Bruunsgaard et al., 1999; Mazzeo et al.,
1998).

HEART DISEASE

The known risk factors for coronary heart disease (CHD) include high
serum low density lipoprotein (LDL) cholesterol concentration, low serum
high density lipoprotein (HDL) cholesterol concentration, a family history
of CHD, hypertension, diabetes mellitus, cigarette smoking, advancing age,
and obesity (Castelli, 1996; Hennekens, 1998; Parmley, 1997). There is a
positive linear relationship between serum total cholesterol and LDL
cholesterol concentrations and risk of CHD or mortality from CHD
(Jousilahti et al., 1998; Neaton and Wentworth, 1992; Sorkin et al., 1992;
Stamler et al., 1986). A low concentration of HDL cholesterol is positively
correlated with risk of CHD, independent of other risk factors (Austin et
al., 2000).

High concentrations of serum triacylglycerol may also contribute to
CHD (Austin, 1989), but the evidence is less clear. Most studies show a
positive relationship between serum triacylglycerol and CHD (Bainton et
al., 1992; Carlson and Böttiger, 1972; Gordon et al., 1977; Hulley et al.,
1980; Stampfer et al., 1996); however, Gordon and coworkers (1977) found
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that the statistical significance of this relationship disappears after control-
ling for total cholesterol, LDL cholesterol, or HDL cholesterol.

The role of diet in the promotion or prevention of heart disease is the
subject of considerable research. New studies investigating dietary energy
sources and physical activity for their potential to alter some of the risk
factors for heart disease are underway (i.e., plasma cholesterol, hyper-
tension, obesity, and diabetes).

Dietary Fat

Increasing the intake of saturated fat can increase serum total choles-
terol and LDL cholesterol concentrations (Clarke et al., 1997; Hegsted et
al., 1993; Kasim et al., 1993; Krauss and Dreon, 1995; Mensink and Katan,
1992). Furthermore, a meta-analysis of 37 intervention studies showed that
a reduction in plasma total cholesterol and LDL cholesterol concentra-
tions was correlated with reductions in percentages of total dietary fat that
also included a decrease in saturated fats (Yu-Poth et al., 1999). The corre-
lation between total fat and serum cholesterol concentration is due, in
part, to the strong positive association between total fat and saturated fat
intake and the weak association between total fat and polyunsaturated fat
intake (Masironi, 1970; Stamler, 1979). Furthermore, the impact of satu-
rated fats in increasing LDL cholesterol concentration is twofold greater
than the impact of polyunsaturated fats in reducing LDL cholesterol
(Hegsted et al., 1993; Mensink and Katan, 1992). This effect, however, is
not seen with all saturated fatty acids. While lauric, myristic, and palmitic
acids increase cholesterol concentration (Mensink et al., 1994), stearic
acid has been shown to have a neutral effect (Bonanome and Grundy,
1988; Denke, 1994; Yu et al., 1995).

Similar to saturated fat, increasing intakes of trans fatty acids and
cholesterol increase serum total cholesterol and LDL cholesterol concen-
trations (Ascherio et al., 1999; Clarke et al., 1997; Hegsted, 1986; Howell
et al., 1997). Epidemiological studies have generally demonstrated a posi-
tive association between trans fatty acid intake and increased risk of heart
disease (Ascherio et al., 1994, 1996b; Hu et al., 1997; Pietinen et al., 1997;
Willett et al., 1993); however, the risk with cholesterol intake has been
mixed (Ascherio et al., 1996b; Hu et al., 1997, 1999b; Kushi et al., 1985;
Mann et al., 1997; Pietinen et al., 1997). There is wide interindividual
variation in serum cholesterol response to dietary cholesterol (Hopkins,
1992), which may be due to genetic factors.

Monounsaturated and polyunsaturated fatty acids decrease serum total
cholesterol and LDL cholesterol concentrations (Gardner and Kraemer,
1995). The epidemiological data indicate that monounsaturated fats are
either not associated or are positively associated with risk of CHD (Hu et
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al., 1997; Kromhout and de Lezenne Coulander, 1984; Pietinen et al.,
1997). High intakes of n-6 polyunsaturated fats have been associated with
the reduced total cholesterol and LDL cholesterol concentrations that are
associated with low risk of CHD (Arntzenius et al., 1985; Becker et al.,
1983; Sonnenberg et al., 1996). In general, epidemiological studies have
demonstrated an inverse association between n-6 polyunsaturated fatty acid
intake and risk of CHD (Arntzenius et al., 1985; Gartside and Glueck, 1993).

n-3 Polyunsaturated fatty acids (eicosapentaenoic acid [EPA] and
docosahexaenoic acid [DHA]) have been shown to reduce the risk of CHD
and stroke by a multitude of mechanisms: by preventing arrhythmias
(Billman et al., 1999; Kang and Leaf, 1996; McLennan, 1993), reducing
atherosclerosis (von Schacky et al., 1999), decreasing platelet aggregation
(Harker et al., 1993), lowering plasma triacylglycerol concentrations
(Harris, 1989), decreasing proinflammatory eicosanoids (James et al.,
2000), modulating endothelial function (De Caterina et al., 2000), and
decreasing blood pressure in hypertensive individuals (Morris et al., 1993).
Many epidemiological studies have used fish or fish oil intake as a surro-
gate for n-3 fatty acid intake because of the high content of EPA and DHA
found in fish. A number of these studies have concluded that fish con-
sumption reduced the risk of CHD mortality (Daviglus et al., 1997;
Dolecek, 1992; Kromhout et al., 1985, 1995), while others found no asso-
ciation (Albert et al., 1998; Ascherio et al., 1995).

Dietary Carbohydrate

High carbohydrate (low fat) intakes tend to increase plasma tri-
acylglycerol and decrease plasma HDL cholesterol concentrations
(Borkman et al., 1991; Brussaard et al., 1982; Marckmann et al., 2000;
West et al., 1990; Yost et al., 1998). This effect has been observed especially
for increased sugar intake (Mann et al., 1973; Rath et al., 1974; Reiser et
al., 1979; Yudkin et al., 1986). Fructose is a better substrate for de novo
lipogenesis than glucose or starches (Cohen and Schall, 1988; Reiser and
Hallfrisch, 1987), and Parks and Hellerstein (2000) concluded that
hypertriacylglycerolemia is more extreme if the carbohydrate content of
the diet consists primarily of monosaccharides, particularly fructose.

Dietary Fiber

Evidence supports a protective effect of dietary fiber for CHD, particu-
larly viscous fibers that occur naturally in foods, which reduce total choles-
terol and LDL cholesterol concentrations (see Chapter 7). Reduced rates
of CHD were observed in individuals consuming high fiber diets (Jacobs et
al., 1998; Kushi et al., 1985; Pietinen et al., 1996). These studies used fiber-
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containing foods; fiber supplements may not have the same effects. The
type of fiber is important; oat bran (viscous fiber) significantly reduces
total cholesterol, but wheat bran (primarily nonviscous fiber) may not
(Behall, 1990). Viscous fibers are thought to lower serum cholesterol con-
centrations by interfering with absorption and recirculation of bile acids
and cholesterol in the intestine and thus decreasing the concentration of
circulating cholesterol. These fibers may also work by delaying absorption
of fat and carbohydrate, which could result in increased insulin sensitivity
(Hallfrisch et al., 1995) and lower triacylglycerol concentrations (Rivellese
et al., 1980). Dietary fiber intake has also been shown to be negatively
associated with hypertension in men (Ascherio et al., 1992), but not women
(Ascherio et al., 1996a). Fiber intake was shown to have an inverse rela-
tionship with systolic and diastolic pressures (Ashcerio et al., 1996a).

Dietary Protein

An inverse relationship between protein intake and risk of CHD has
been observed (Hu et al., 1999a). High protein intake has been shown to
lower blood pressure (Obarzanek et al., 1996), and substitution of carbo-
hydrate with protein resulted in lower LDL cholesterol and triacylglycerol
concentrations (Wolfe and Piché, 1999). These results may, however, be
confounded by the fact that dietary animal protein and dietary fat tend to
be highly correlated. Independent effects of protein on CHD mortality
have not been shown (Gordon et al., 1981; Keys et al., 1986). Soy-based
protein may reduce serum cholesterol concentrations, but the evidence
has been mixed (Anderson et al., 1995; Bakhit et al., 1994; Meinertz et al.,
1989; van Raaij et al., 1982).

Physical Activity

Exercise improves and maintains vessel function. An inverse relation-
ship between exercise and CHD mortality has been observed in numerous
studies (Arraiz et al., 1992; Kannel et al., 1986; Lindsted et al., 1991;
Paffenbarger et al., 1984). Regular exercise increases serum HDL choles-
terol, decreases serum triacylglycerol, decreases blood pressure, enhances
fibrinolysis, lessens platelet adherence, enhances glucose effectiveness and
insulin sensitivity, and decreases risk of cardiac arrhythmias (Araújo-Vilar
et al., 1997; Arroll and Beaglehole, 1992; El-Sayed, 1996; Hinkle et al.,
1988; Huttunen et al., 1979).

The mechanisms by which exercise serves to mitigate progression of
cardiovascular disease (CVD) and coronary artery disease (CAD) are
numerous. For instance, patients with CAD who participated in exercise
training showed improved endothelium-dependent vasodilatation in epi-
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cardial coronary vessels and in resistance vessels (Hambrecht et al., 2000).
Thus, exercise serves to maintain conduit function in vessels impacted by
CAD. An inverse dose–response relationship between physical activity and
physical fitness and CVD mortality has been documented (Arraiz et al.,
1992; Blair et al., 1993; Kannel and Sorlie, 1979; Kannel et al., 1986;
Lindsted et al., 1991; Paffenbarger et al., 1984).

Activity may also influence CVD indirectly via an influence on lipoprotein
metabolism. Vigorous physical activity increases plasma HDL cholesterol,
HDL2, and apolipoprotein A-I and decreases plasma triacylglycerol, very
low density lipoprotein, and atherogenic small, dense LDL concentrations
(Williams et al., 1986, 1990, 1992; Wood et al., 1988). Gradient gel electro-
phoresis shows that the protective HDL2b subclass is increased while the
HDL3b subclass is decreased through exercise (Williams et al., 1992). The
distribution of LDL is shifted toward larger and more buoyant particles of
lower density that result in a decrease in the prevalence of the small, dense
LDL phenotype among vigorously active men (Williams et al., 1990). Cross-
sectional comparisons of high mileage and low mileage runners suggest
that the benefits of vigorous exercise on the lipoprotein profile increase
linearly with exercise dose through at least 40 mi (64 km)/wk for both
HDL cholesterol and triacylglycerol (Williams, 1997). Physical activity pre-
vents the rise in plasma triacylglycerols in individuals who consume high
carbohydrate diets (Koutsari et al., 2001).

Many of the exercise-induced changes in lipoproteins may arise from
the effects of lipolytic enzymes on lipoprotein size and composition,
namely increases in lipoprotein lipase activity and decreases in hepatic
lipase activity (Williams et al., 1986). Runners have significantly higher
lipoprotein lipase activity in both muscle and adipose tissue (Nikkilä et al.,
1978). Weight loss is known to both increase lipoprotein lipase and reduce
hepatic lipase (Marniemi et al., 1990; Purnell et al., 2000). This may
explain, in part, why increases in HDL cholesterol and HDL2 mass in sed-
entary men who begin exercising vigorously are strongly associated with
loss of body fat (Williams et al., 1983). Lipoprotein lipase activity may also
explain why HDL cholesterol concentrations in sedentary men predict
their success at running (Williams et al., 1994). Specifically, the enzyme’s
activity is positively correlated with HDL cholesterol concentrations and is
higher in slow-twitch red muscle fibers. Thus, high HDL concentrations
may be a marker for muscle fiber composition that facilitates endurance
exercise.

DENTAL CARIES

Sugars play an important role in dental caries development (Walker
and Cleaton-Jones, 1992). Sugars provide a favorable environment for bac-
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teria in the mouth, and the presence of these sugars increases the rate and
volume of plaque formation (Depaola et al., 1999). However, because
development of caries involves other factors such as fluoride intake, oral
hygiene, food composition, and frequency of meals and snacks, sugar
intake alone is not the only cause of caries.

TYPE 2 DIABETES MELLITUS

Type 2 diabetes mellitus is characterized by a genetic predisposition to
the disorder, decreased tissue sensitivity to insulin (insulin resistance),
and impaired function of pancreatic β-cells, which control the timely release
of insulin (Anderson, 1999). Obesity, physical inactivity, and advancing
age are primary risk factors for insulin resistance and development of type
2 diabetes (Barrett-Connor, 1989; Colditz et al., 1990; Helmrich et al.,
1991; Manson et al., 1991). Dietary factors have also been suggested as
playing a major role in the development of insulin resistance and type 2
diabetes.

Dietary Fat

Intervention studies that have evaluated the effect of the level of fat
intake on biochemical risk factors for diabetes have been mixed (Abbott et
al., 1989; Borkman et al., 1991; Coulston et al., 1983; Fukagawa et al.,
1990; Howard et al., 1991; Jeppesen et al., 1997; Leclerc et al., 1993;
Straznicky et al., 1999; Swinburn et al., 1991; Thomsen et al., 1999; Yost et
al., 1998). Some epidemiological studies have shown a correlation between
higher fat intakes and insulin resistance (Marshall et al., 1991; Mayer-Davis
et al., 1997; Parker et al., 1993). It is not clear, however, whether the
correlation is due to fat in the diet or to obesity. Obesity, particularly
abdominal obesity, is a risk factor for type 2 diabetes (Vessby, 2000).
Decreased physical activity is also a significant predictor of higher post-
prandial insulin concentrations and may confound some studies (Feskens
et al., 1994; Parker et al., 1993).

Findings from intervention studies tend to suggest a lack of adverse
effect of saturated fat on risk indictors of diabetes in healthy individuals
(Fasching et al., 1996; Roche et al., 1998; Thomsen et al., 1999). However,
it was recently reported that the consumption of saturated fatty acids can
significantly impair insulin sensitivity (Vessby et al., 2001).

Because of the favorable effects of n-3 fatty acids (eicosapentaenoic
acid and docosahexaenoic acid) on risk indicators of coronary heart dis-
ease, they are often used in patients with lipid disorders. There has been
concern about the use of these fatty acids for lipid disorders because many
of these patients also have type 2 diabetes. A number of studies have sug-
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gested that n-3 polyunsaturated fatty acid intake may have adverse effects
in individuals with type 2 diabetes (Glauber et al., 1988; Kasim et al., 1988),
requiring increased doses of hypoglycemic agents (Friday et al., 1989;
Stacpoole et al., 1989; Zambon et al., 1992).

Dietary Carbohydrate

There is little evidence that total dietary carbohydrate intake is associ-
ated with type 2 diabetes (Colditz et al., 1992; Lundgren et al., 1989).
There may be an increased risk, however, when the glycemic index of a
meal is considered instead of total carbohydrates (Salmerón et al., 1997a,
1997b). Some studies have found that reducing the glycemic index of a
meal can result in short-term improved glucose tolerance and insulin sensi-
tivity in healthy individuals (Frost et al., 1998; Jenkins et al., 1988;
Liljeberg et al., 1999; Wolever et al., 1988). Additional long-term studies
are needed to elucidate the true relationship between glycemic index and
the development of type 2 diabetes and to determine its effect on glucose
tolerance and insulin.

Dietary Fiber

Certain dietary fibers may attenuate the insulin response and thus be
protective against type 2 diabetes. There is good epidemiological evidence
for the protective effect of fiber against type 2 diabetes (Colditz et al.,
1992; Meyer et al., 2000; Salmerón et al., 1997a, 1997b). Viscous soluble
fibers, such as pectin and guar gum, have been found to produce a signifi-
cant reduction in glycemic response in the majority of studies reviewed by
Wolever and Jenkins (1993). It is believed that viscous soluble fibers reduce
the glycemic response of food by delaying gastric emptying and therefore
delaying the absorption of glucose (Jenkins et al., 1978; Wood et al., 1994).

Physical Activity

Increased levels of physical activity have been found to improve insulin
sensitivity in individuals with type 2 diabetes (Horton, 1986; Mayer-Davis et
al., 1998; Schneider et al., 1984). Physical inactivity was found to be associ-
ated with increased incidence of type 2 diabetes in cross-sectional (King et
al., 1984; Taylor et al., 1983), cohort (Helmrich et al., 1991; Manson et al.,
1991, 1992), and longitudinal training studies (Tuomilehto et al., 2001).
Short- and long-term effects of physical activity on glucose tolerance,
insulin action, and muscle glucose uptake show that contracting muscle
has an “insulin-like” effect on promoting glucose uptake and metabolism
(Bergman et al., 1999; Horton, 1991; Richter et al., 1981). This synergistic
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effect of contractions on insulin action is thought to increase insulin action
and decrease circulating glucose and insulin concentrations. Further, by
increasing muscle mass, decreasing total and abdominal obesity (Björntorp
et al., 1979; Després et al., 1988), and diverting dietary carbohydrate to
muscle for oxidation and glycogen repletion (Brooks et al., 2000), physical
activity reduces the potential for energy intakes exceeding expenditures,
leading to fat accumulation. Physical activity can reduce the risk of type 2
diabetes (Diabetes Prevention Program Research Group, 2002; Tuomilehto
et al., 2001), and can also reduce total and abdominal obesity, both of
which are risk factors for type 2 diabetes (Vessby, 2000).

OBESITY

Obesity results from an imbalance between energy intake and energy
expenditure. The health risks associated with obesity include increased
mortality, hypertension, cardiovascular disease, diabetes mellitus, gallbladder
disease, some cancers, and changes in endocrine function and metabolism
(NHLBI/NIDDK, 1998). The risk factors for becoming obese are not
entirely understood but are thought to include genetics, food intake, physi-
cal inactivity, and some rare metabolic disorders (NHLBI/NIDDK, 1998).

Dietary Fat

The available data on whether diets high in total fat increase the risk
for obesity are conflicting and are complicated by underreporting of food
intake, notably fat intake (Bray and Popkin, 1998; Lissner and Heitmann,
1995; Lissner et al., 2000; Willett, 1998). Intervention studies have shown
that high-fat diets, as compared with low-fat diets with equivalent energy
intake, are not intrinsically fattening (Davy et al., 2001), whereas cross-
cultural, animal, and some human studies have provided support for the
theory that diets with a high percentage of fat increase the risk of obesity
(Astrup et al., 1997; Lissner and Heitmann, 1995; West and York, 1998).
Other studies have shown that as the proportion of fat in the diet increases,
so does energy intake (Kendall et al., 1991; Lissner et al., 1987; Stubbs et
al., 1995). Because energy density was not kept separate from fat content
in these studies, recent investigators have questioned the conclusions of
these studies and have found differing results. Further studies have shown
that fat content does not affect energy intake (Saltzman et al., 1997; Stubbs
et al., 1996; van Stratum et al., 1978), and that energy density has an effect
on energy intake independent of the fat content of the diet (Bell et al.,
1998).
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Dietary Carbohydrate

A negative correlation between total sugars intake and body mass index
has been reported in adults (Dreon et al., 1988; Dunnigan et al., 1970;
Fehily et al., 1984; Gibson, 1993, 1996b; Miller et al., 1990). Increased
added sugars intakes have been shown to result in increased energy intakes
of children and adults (see Chapter 6) (Bowman, 1999; Gibson, 1996a,
1997; Lewis et al., 1992). In spite of this, a negative correlation between
added sugars intake and body mass index has been observed in children
(Bolton-Smith and Woodward, 1994; Gibson, 1996a; Lewis et al., 1992).
Published reports disagree about whether a direct link exists between the
trend toward higher intakes of sugars and increased rates of obesity. Any
association between added sugars intake and body mass index is, in all
likelihood, masked by the pervasive and serious problem of underreporting,
which is more prevalent and severe among the obese population. In addi-
tion, foods and beverages high in added sugars are more likely to be
underreported compared to other foods that may be perceived as “healthy”
(Johnson, 2000).

Dietary Fiber

Consumption of soluble fibers, which are low in energy, delays gastric
emptying (Roberfroid, 1993), which in turn can cause an extended feeling
of fullness and therefore satiety (Bergmann et al., 1992). A number of
intervention studies suggest that diets high in fiber may assist in weight
loss (Birketvedt et al., 2000; Eliasson et al., 1992; Rigaud et al., 1990;
Rössner et al., 1987; Ryttig et al., 1989), although other studies have not
found this effect (Astrup et al., 1990; Baron et al., 1986). Thus, the evi-
dence to support a role of fiber in the prevention of obesity is unclear at
this time.

Physical Activity

Energy expenditure by physical activity (see Chapters 5 and 12) varies
considerably between individuals, affecting the energy balance and the
body composition by which energy balance and weight maintenance are
achieved (Ballor and Keesey, 1991; Williamson et al., 1993). Indeed, physi-
cal inactivity is a major risk factor for development of obesity in children
and adults (Astrup, 1999; Goran, 2001). In one study, increasing the level
of physical activity in obese individuals appeared to have no effect on food
intake, whereas in normal-weight individuals an increase in activity was
coupled with an increase in food intake (Pi-Sunyer and Woo, 1985).
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SKELETAL HEALTH

Physical activity has a beneficial effect on bone health in individuals of
all ages (Anderson, 2000; French et al., 2000; Hurley and Roth, 2000;
Khan et al., 2000; Layne and Nelson, 1999; Madsen et al., 1998). Physical
activity increases bone mass in children and adolescents and maintains
bone mass in adults (French et al., 2000; Khan et al., 2000). In elderly
individuals, bone mineral density has been found to be higher in those
who exercise than in those who do not (Hurley and Roth, 2000). The
same is true for young athletes compared to nonathletes (Madsen et al.,
1998). Physical activity results in muscle strength, coordination, and flex-
ibility that may benefit elderly individuals by preventing falls and fractures.

SUMMARY

Many causal relationships among over- or underconsumption of
macronutrients, physical inactivity, and chronic disease have been pro-
posed. When the diet is modified for one energy-yielding nutrient, it
invariably changes the intake of other nutrients, which makes it extremely
difficult to have adequate substantiating evidence for providing clear and
specific nutritional guidance. Acceptable Macronutrient Distribution
Ranges can be estimated, however, by considering risk of chronic disease,
as well as in the context of consuming adequate amounts of essential
macronutrients and micronutrients. This information is provided in detail
in Chapter 11.
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4
A Model for the

Development of Tolerable
Upper Intake Levels

BACKGROUND

The Tolerable Upper Intake Level (UL) refers to the highest level of daily
nutrient intake that is likely to pose no risk of adverse health effects for
almost all individuals in the general population. As intake increases above
the UL, the risk of adverse effects increases. The term tolerable is chosen
because it connotes a level of intake that can, with high probability, be
tolerated biologically by individuals; it does not imply acceptability of that
level in any other sense. The setting of a UL does not indicate that nutri-
ent intakes greater than the Recommended Dietary Allowance (RDA) or
Adequate Intake (AI) are recommended as being beneficial to an indi-
vidual. Many individuals are self-medicating with nutrients for curative or
treatment purposes. It is beyond the scope of this report to address the
possible therapeutic benefits of higher nutrient intakes that may offset the
risk of adverse effects. The UL is not meant to apply to individuals who are
treated with the nutrient under medical supervision or to individuals with
predisposing conditions that modify their sensitivity to the nutrient. This
chapter describes a model for developing ULs.

The term adverse effect is defined as any significant alteration in the
structure or function of the human organism (Klaassen et al., 1986) or any
impairment of a physiologically important function that could lead to a
health effect that is adverse, in accordance with the definition set by the
joint World Health Organization, Food and Agriculture Organization of
the United Nations, and International Atomic Energy Agency Expert Con-
sultation in Trace Elements in Human Nutrition and Health (WHO, 1996).
In the case of nutrients, it is exceedingly important to consider the possi-
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bility that the intake of one nutrient may alter, in detrimental ways, the
health benefits conferred by another nutrient. Any such alteration
(referred to as an adverse nutrient–nutrient interaction) is considered an
adverse health effect. When evidence for such adverse interactions is avail-
able, it is considered in establishing a nutrient’s UL.

ULs are useful because of the increased interest in, and availability of,
fortified foods, the increased use of dietary supplements, and the growing
recognition of the health consequences of excesses, as well as inadequa-
cies of nutrient intakes. ULs are based on total intake of a nutrient from
food, water, and supplements if adverse effects have been associated with
total intake. However, if adverse effects have been associated with intake
from supplements or food fortificants only, the UL is based on a nutrient
intake from those sources only, not on total intake. The UL applies to
chronic daily use.

For many nutrients, there are insufficient data on which to develop a
UL. This does not mean that there is no potential for adverse effects result-
ing from high intake. When data about adverse effects are extremely limited,
extra caution may be warranted.

Like all chemical agents, nutrients can produce adverse health effects
if their intake from a combination of food, water, nutrient supplements,
and pharmacological agents is excessive. Some lower level of nutrient
intake will ordinarily pose no likelihood (or risk) of adverse health effects
in normal individuals even if the level is above that associated with any
benefit. It is not possible to identify a single risk-free intake level for a
nutrient that can be applied with certainty to all members of a population.
However, it is possible to develop intake levels that are unlikely to pose risk
of adverse health effects for most members of the general population,
including sensitive individuals. For some nutrients, these intake levels may
pose a risk to subpopulations with extreme or distinct vulnerabilities.

Whether routine, long-term intake above the UL is safe is not well
documented. Although members of the general population should not
routinely exceed the UL, intake above the UL may be appropriate for
investigation within well-controlled clinical trials. Clinical trials of doses
above the UL should not be discouraged as long as subjects participating
in these trials have signed informed consent documents regarding pos-
sible toxicity, and as long as these trials employ appropriate safety monitor-
ing of trial subjects.

A MODEL FOR THE DERIVATION OF TOLERABLE
UPPER INTAKE LEVELS

The possibility that the methodology used to derive Tolerable Upper
Intake Levels (ULs) might be reduced to a mathematical model that could
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be generically applied to all nutrients was considered. Such a model might
have several potential advantages, including ease of application and assur-
ance of consistent treatment of all nutrients. It was concluded, however,
that the current state of scientific understanding of toxic phenomena in
general, and nutrient toxicity in particular, is insufficient to support the
development of such a model. Scientific information about various adverse
effects and their relationships to intake levels varies greatly among nutri-
ents and depends on the nature, comprehensiveness, and quality of avail-
able data. The uncertainties associated with the unavoidable problem of
extrapolating from the circumstances under which data are developed
(e.g., in the laboratory or clinic) to other circumstances (e.g., to the
healthy population) add to the complexity.

Given the current state of knowledge, any attempt to capture, in a
mathematical model, all of the information and scientific judgments that
must be made to reach conclusions about ULs would not be consistent
with contemporary risk assessment practices. Instead, the model for the
derivation of ULs consists of a set of scientific factors that always should be
considered explicitly. The framework by which these factors are organized
is called risk assessment. Risk assessment (NRC, 1983, 1994) is a systematic
means of evaluating the probability of occurrence of adverse health effects
in humans from excess exposure to an environmental agent (in this case, a
nutrient) (FAO/WHO, 1995; Health Canada, 1993). The hallmark of risk
assessment is the requirement to be explicit in all of the evaluations and
judgments that must be made to document conclusions.

RISK ASSESSMENT AND FOOD SAFETY

Basic Concepts

Risk assessment is a scientific undertaking having as its objective a
characterization of the nature and likelihood of harm resulting from
human exposure to agents in the environment. The characterization of
risk typically contains both qualitative and quantitative information and
includes a discussion of the scientific uncertainties in that information. In
the present context, the agents of interest are nutrients, and the environ-
mental media are food, water, and nonfood sources such as nutrient
supplements and pharmacological preparations.

Performing a risk assessment results in a characterization of the rela-
tionships between exposure to an agent and the likelihood that adverse
health effects will occur in members of exposed populations. Scientific
uncertainties are an inherent part of the risk assessment process and are
discussed below. Deciding whether the magnitude of exposure is acceptable
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or tolerable in specific circumstances is not a component of risk assessment;
this activity falls within the domain of risk management. Risk management
decisions depend on the results of risk assessments, but may also involve
the public health significance of the risk, the technical feasibility of achiev-
ing various degrees of risk control, and the economic and social costs of
this control. Because there is no single, scientifically definable distinction
between safe and unsafe exposures, risk management necessarily incorpo-
rates components of sound, practical decision making that are not
addressed by the risk assessment process (NRC, 1983, 1994).

Risk assessment requires that information be organized in rather
specific ways, but it does not require any specific scientific evaluation
methods. Rather, risk assessors must evaluate scientific information using
what they judge to be appropriate methods and must make explicit the
basis for their judgments, the uncertainties in risk estimates, and, when
appropriate, alternative scientifically plausible interpretations of the avail-
able data (NRC, 1994; OTA, 1993).

Risk assessment is subject to two types of scientific uncertainties: those
related to data and those associated with inferences that are required when
directly applicable data are not available (NRC, 1994). Data uncertainties
arise during the evaluation of information obtained from the epidemio-
logical and toxicological studies of nutrient intake levels that are the basis
for risk assessments. Examples of inferences include the use of data from
experimental animals to estimate responses in humans and the selection
of uncertainty factors to estimate inter- and intraspecies variabilities in
response to toxic substances. Uncertainties arise whenever estimates of
adverse health effects in humans are based on extrapolations of data obtained
under dissimilar conditions (e.g., from experimental animal studies).
Options for dealing with uncertainties are discussed below and in detail in
Appendix L.

Steps in the Risk Assessment Process

The organization of risk assessment is based on a model proposed by
the National Research Council (NRC, 1983, 1994) that is widely used in
public health and regulatory decision making. The steps of risk assessment
as applied to nutrients follow (see also Figure 4-1).

• Step 1. Hazard identification involves the collection, organization,
and evaluation of all information pertaining to the adverse effects of a
given nutrient. It concludes with a summary of the evidence concerning
the capacity of the nutrient to cause one or more types of toxicity in humans.

• Step 2. Dose–response assessment determines the relationship
between nutrient intake (dose) and adverse effect (in terms of incidence
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FIGURE 4-1 Risk assessment model for nutrient toxicity. NOAEL = no-observed-
adverse-effect level; LOAEL = lowest-observed-adverse-effect level; UF = uncertainty
factor.

and severity). This step concludes with an estimate of the Tolerable Upper
Intake Level (UL)—it identifies the highest level of daily nutrient intake
that is likely to pose no risk of adverse health effects for almost all indi-
viduals in the general population. Different ULs may be developed for
various life stage groups.

• Step 3. Intake assessment evaluates the distribution of usual total
daily nutrient intakes for members of the general population. In cases
where the UL pertains only to supplement use and does not pertain to
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usual food intakes of the nutrient, the assessment is directed at supple-
ment intakes only. It does not depend on Step 1 or 2.

• Step 4. Risk characterization summarizes the conclusions from
Steps 1 and 2 with Step 3 to determine the risk. The risk is generally
expressed as the fraction of the exposed population, if any, having nutri-
ent intakes (Step 3) in excess of the estimated UL (Steps 1 and 2). If
possible, characterization also covers the magnitude of any such excesses.
Scientific uncertainties associated with both the UL and the intake
estimates are described so that risk managers understand the degree of
scientific confidence they can place in the risk assessment.

The risk assessment contains no discussion of recommendations for
reducing risk; these are the focus of risk management.

Thresholds

A principal feature of the risk assessment process for noncarcinogens
is the long-standing acceptance that no risk of adverse effects is expected
unless a threshold dose (or intake) is exceeded. The adverse effects that
may be caused by a nutrient almost certainly occur only when the thresh-
old dose is exceeded (NRC, 1994; WHO, 1996). The critical issue con-
cerns the methods used to identify the approximate threshold of toxicity
for a large and diverse human population. Because most nutrients are not
considered to be carcinogenic in humans, approaches used for carcino-
genic risk assessment are not discussed here.

Thresholds vary among members of the general population (NRC,
1994). For any given adverse effect, if the distribution of thresholds in the
population could be quantitatively identified, it would be possible to estab-
lish ULs by defining some point in the lower tail of the distribution of
thresholds that would protect some specified fraction of the population.
The method described here for identifying thresholds for a general popu-
lation is designed to ensure that almost all members of the population will
be protected, but it is not based on an analysis of the theoretical (but
practically unattainable) distribution of thresholds. By using the model to
derive the threshold, however, there is considerable confidence that the
threshold, which becomes the UL for nutrients or food components, lies
very near the low end of the theoretical distribution and is the end repre-
senting the most sensitive members of the population. For some nutrients
there may be subpopulations that are not included in the general distribu-
tion because of extreme or distinct vulnerabilities to toxicity. Data relating
to the effects observed in these groups are not used to derive ULs. Such
distinct groups, whose conditions warrant medical supervision, may not be
protected by the UL.
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The Joint FAO/WHO Expert Committee on Food Additives and vari-
ous national regulatory bodies have identified factors (called uncertainty
factors [UFs]) that account for interspecies and intraspecies differences in
response to the hazardous effects of substances and for other uncertainties
(WHO, 1987). UFs are used to make inferences about the threshold dose
of substances for members of a large and diverse human population from
data on adverse effects obtained in epidemiological or experimental
studies. These factors are applied consistently when data of specific types
and quality are available. They are typically used to derive acceptable daily
intakes for food additives and other substances for which data on adverse
effects are considered sufficient to meet minimum standards of quality
and completeness (FAO/WHO, 1982). These adopted or recognized UFs
have sometimes been coupled with other factors to compensate for defi-
ciencies in the available data and other uncertainties regarding data.

When possible, the UL is based on a no-observed-adverse-effect level
(NOAEL), which is the highest intake (or experimental oral dose) of a
nutrient at which no adverse effects have been observed in the individuals
studied. This is identified for a specific circumstance in the hazard identi-
fication and dose–response assessment steps of the risk. If there are no
adequate data demonstrating a NOAEL, then a lowest-observed-adverse-
effect level (LOAEL) may be used. A LOAEL is the lowest intake (or experi-
mental oral dose) at which an adverse effect has been identified. The
derivation of a UL from a NOAEL (or LOAEL) involves a series of choices
about which factors should be used to deal with uncertainties. Uncertainty
factors are applied in an attempt to deal both with gaps in data and with
incomplete knowledge about the inferences required (e.g., the expected
variability in response within the human population). The problems of
both data and inference uncertainties arise in all steps of the risk assess-
ment. A discussion of options available for dealing with these uncertainties
is presented below and in greater detail in Appendix L.

A UL is not, in itself, a description or estimate of human risk. It is
derived by application of the hazard identification and dose–response
evaluation steps (Steps 1 and 2) of the risk assessment model. To deter-
mine whether populations are at risk requires an intake or exposure assess-
ment (Step 3, evaluation of intakes of the nutrient by the population) and
a determination of the fractions of these populations, if any, whose intakes
exceed the UL. In the intake assessment and risk characterization steps
(Steps 3 and 4), the distribution of usual intakes for the population is used
as a basis for determining whether, and to what extent, the population is
at risk (Figure 4-1). A discussion of other aspects of the risk characteriza-
tion that may be useful in judging the public health significance of the risk
and in risk management decisions is provided in the final section of this
chapter “Risk Characterization.”
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APPLICATION OF THE RISK ASSESSMENT MODEL
TO NUTRIENTS

This section provides guidance for applying the risk assessment frame-
work (the model) to the derivation of Tolerable Upper Intake Levels (ULs)
for nutrients.

Special Problems Associated with Substances
Required for Human Nutrition

Although the risk assessment model outlined above can be applied to
nutrients to derive ULs, it must be recognized that nutrients possess some
properties that distinguish them from the types of agents for which the
risk assessment model was originally developed (NRC, 1983). In the appli-
cation of accepted standards for risk assessment of environmental chemi-
cals to risk assessment of nutrients, a fundamental difference between the
two categories must be recognized: within a certain range of intakes, nutrients
are essential for human well-being and usually for life itself. Nonetheless,
they may share with other chemicals the production of adverse effects at
excessive exposures. Because the consumption of balanced diets is consis-
tent with the development and survival of humankind over many millennia,
there is less need for the large uncertainty factors that have been used for
the risk assessment of nonessential chemicals. In addition, if data on the
adverse effects of nutrients are available primarily from studies in human
populations, there will be less uncertainty than is associated with the types
of data available on nonessential chemicals.

There is no evidence to suggest that nutrients consumed at the recom-
mended intake (the Recommended Dietary Allowance or Adequate Intake)
present a risk of adverse effects to the general population.1 It is clear,
however, that the addition of nutrients to a diet through the ingestion of
large amounts of highly fortified food, nonfood sources such as supple-
ments, or both, may (at some level) pose a risk of adverse health effects.
The UL is the highest level of daily nutrient intake that is likely to pose no
risk of adverse health effects for almost all individuals in the general popula-
tion. As intake increases above the UL, the risk of adverse effects increases.

If adverse effects have been associated with total intake, ULs are based
on total intake of a nutrient from food, water, and supplements. For cases
in which adverse effects have been associated with intake only from supple-

1It is recognized that possible exceptions to this generalization relate to specific
geochemical areas with excessive environmental exposures to certain trace ele-
ments (e.g., selenium) and to rare case reports of adverse effects associated with
highly eccentric consumption of specific foods. Data from such findings are gener-
ally not useful for setting ULs for the general North American population.
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ments and food fortificants, the UL is based on intake from these sources
only, rather than on total intake. The effects of nutrients from fortified
foods or supplements may differ from those of naturally occurring con-
stituents of foods because of the chemical form of the nutrient, the timing
of the intake and amount consumed in a single bolus dose, the matrix
supplied by the food, and the relation of the nutrient to the other con-
stituents of the diet. Nutrient requirements and food intake are related to
the metabolizing body mass, which is also at least an indirect measure of
the space in which the nutrients are distributed. This relation between
food intake and space of distribution supports homeostasis, which main-
tains nutrient concentrations in that space within a range compatible with
health. However, excessive intake of a single nutrient from supplements or
fortificants may compromise this homeostatic mechanism. Such elevations
alone may pose risks of adverse effects; imbalances among the nutrients
may also be possible. These reasons and those discussed previously sup-
port the need to include the form and pattern of consumption in the
assessment of risk from high nutrient or food component intake.

Consideration of Variability in Sensitivity

The risk assessment model outlined in this chapter is consistent with
classical risk assessment approaches in that it must consider variability in
the sensitivity of individuals to adverse effects of nutrients or food compo-
nents. A discussion of how variability is dealt with in the context of nutri-
tional risk assessment follows.

Physiological changes and common conditions associated with growth
and maturation that occur during an individual’s lifespan may influence
sensitivity to nutrient toxicity. For example, sensitivity increases with declines
in lean body mass and with the declines in renal and liver function that
occur with aging; sensitivity changes in direct relation to intestinal absorp-
tion or intestinal synthesis of nutrients; sensitivity increases in the new-
born infant because of rapid brain growth and limited ability to secrete or
biotransform toxicants; and sensitivity increases with decreases in the rate
of metabolism of nutrients. During pregnancy, the increase in total body
water and glomerular filtration results in lower blood levels of water-soluble
vitamins dose for dose, and therefore results in reduced susceptibility to
potential adverse effects. However, in the unborn fetus this may be offset
by active placental transfer, accumulation of certain nutrients in the amni-
otic fluid, and rapid development of the brain. Examples of life stage
groups that may differ in terms of nutritional needs and toxicological sen-
sitivity include infants and children, the elderly, and women during preg-
nancy and lactation.

Even within relatively homogeneous life stage groups, there is a range
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of sensitivities to toxic effects. The model described below accounts for the
normal expected variability in sensitivity, but it excludes subpopulations
with extreme and distinct vulnerabilities. Such subpopulations consist of
individuals needing medical supervision; they are better served through
the use of public health screening, product labeling, or other individual-
ized health care strategies. Such populations may not be at negligible risk
when their intakes reach the UL developed for the healthy population.
The decision to treat identifiable vulnerable subgroups as distinct (not
protected by the UL) is a matter of judgment and is discussed in the
individual nutrient chapters, as applicable.

Bioavailability

In the context of toxicity, the bioavailability of an ingested nutrient
can be defined as its accessibility to normal metabolic and physiological
processes. Bioavailability influences a nutrient’s beneficial effects at physi-
ological levels of intake and also may affect the nature and severity of
toxicity due to excessive intakes. The concentration and chemical form of
the nutrient, the nutrition and health of the individual, and excretory
losses all affect bioavailability. Bioavailability data for specific nutrients
must be considered and incorporated into the risk assessment process.

Some nutrients may be less readily absorbed when part of a meal than
when consumed separately. Supplemental forms of some nutrients may
require special consideration if they have higher bioavailability since they
may present a greater risk of producing adverse effects than equivalent
amounts from the natural form found in food.

Nutrient–Nutrient Interactions

A diverse array of adverse health effects can occur as a result of the
interaction of nutrients. The potential risks of adverse nutrient–nutrient
interactions increase when there is an imbalance in the intake of two or
more nutrients. Excessive intake of one nutrient may interfere with absorp-
tion, excretion, transport, storage, function, or metabolism of a second
nutrient. Possible adverse nutrient–nutrient interactions are considered as
a part of setting a UL. Nutrient–nutrient interactions may be considered
either as a critical endpoint on which to base a UL, or as supportive evi-
dence for a UL based on another endpoint.

Other Relevant Factors That Affect the Bioavailability of Nutrients

In addition to nutrient interactions, other considerations have the
potential to influence nutrient bioavailability, such as the nutritional status
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of an individual and the form of intake. These issues are considered in the
risk assessment. With regard to the form of intake, fat-soluble vitamins,
such as vitamin A, are more readily absorbed when they are part of a meal
that is high in fat. ULs must therefore be based on nutrients as part of the
total diet, including the contribution from water. Nutrient supplements
that are taken separately from food require special consideration because
they are likely to have different bioavailabilities and therefore may repre-
sent a greater risk of producing adverse effects.

STEPS IN THE DEVELOPMENT OF THE TOLERABLE
UPPER INTAKE LEVEL

Hazard Identification

Based on a thorough review of the scientific literature, the hazard
identification step outlines the adverse health effects that have been dem-
onstrated to be caused by the nutrient. The primary types of data used as
background for identifying nutrient hazards in humans are:

• Human studies. Human data provide the most relevant kind of infor-
mation for hazard identification and, when they are of sufficient quality
and extent, are given the greatest weight. However, the number of con-
trolled human toxicity studies conducted in a clinical setting is very limited
because of ethical reasons. Such studies are generally most useful for
identifying very mild (and ordinarily reversible) adverse effects. Observa-
tional studies that focus on well-defined populations with clear exposures
to a range of nutrient intake levels are useful for establishing a relation-
ship between exposure and effect. Observational data in the form of case
reports or anecdotal evidence are used for developing hypotheses that can
lead to knowledge of causal associations. Sometimes a series of case reports,
if it shows a clear and distinct pattern of effects, may be reasonably con-
vincing on the question of causality.

• Animal data. Most of the available data used in regulatory risk assess-
ments come from controlled laboratory experiments in animals, usually
mammalian species other than humans (e.g., rodents). Such data are used
in part because human data on nonessential chemicals are generally very
limited. Moreover, there is a long-standing history of the use of animal
studies to identify the toxic properties of chemical substances, and there is
no inherent reason why animal data should not be relevant to the evalua-
tion of nutrient toxicity. Animal studies offer several advantages over
human studies. They can, for example, be readily controlled so that causal
relationships can be recognized. It is possible to identify the full range of
toxic effects produced by a chemical, over a wide range of exposures, and
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to establish dose–response relationships. The effects of chronic exposures
can be identified in far less time than they can with the use of epidemio-
logical methods. All these advantages of animal data, however, may not
always overcome the fact that species differences in response to chemical
substances can sometimes be profound, and any extrapolation of animal
data to predict human response needs to take this possibility into account.

Key issues that are addressed in the data evaluation of human and
animal studies are described below (see Box 4-1).

Evidence of Adverse Effects in Humans

The hazard identification step involves the examination of human,
animal, and in vitro published evidence that addresses the likelihood of a
nutrient eliciting an adverse effect in humans. Decisions about which
observed effects are adverse are based on scientific judgment. Although
toxicologists generally regard any demonstrable structural or functional
alteration as representing an adverse effect, some alterations may be con-
sidered to be of little or self-limiting biological importance. As noted ear-
lier, adverse nutrient–nutrient interactions are considered in the defini-
tion of an adverse effect.

BOX 4-1
Development of Tolerable Upper Intake Levels (ULs)

COMPONENTS OF HAZARD IDENTIFICATION
• Evidence of adverse effects in humans
• Causality
• Relevance of experimental data
• Pharmacokinetic and metabolic data
• Mechanisms of toxic action
• Quality and completeness of the database
• Identification of distinct and highly sensitive subpopulations

COMPONENTS OF DOSE–RESPONSE ASSESSMENT
• Data selection and identification of critical endpoints
• Identification of no-observed-adverse-effect level (NOAEL)

(or lowest-observed-adverse-effect level [LOAEL]) and critical endpoint
• Assessment of uncertainty and data on variability in response
• Derivation of a UL
• Characterization of the estimate and special considerations
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2The terms route of exposure and route of intake refer to how a substance enters the
body (e.g., by ingestion, injection, or dermal absorption). These terms should not
be confused with form of intake, which refers to the medium or vehicle used (e.g.,
supplements, food, or drinking water).

Causality

The identification of a hazard is strengthened by evidence of causality.
As explained in Chapter 2, the criteria of Hill (1971) are considered in
judging the causal significance of an exposure–effect association indicated
by epidemiological studies.

Relevance of Experimental Data

Consideration of the following issues can be useful in assessing the
relevance of experimental data.

Animal Data. Some animal data may be of limited utility in judging
the toxicity of nutrients because of highly variable interspecies differences
in nutrient requirements. Nevertheless, relevant animal data are consid-
ered in the hazard identification and dose–response assessment steps
where applicable, and, in general, they are used for hazard identification
unless there are data demonstrating they are not relevant to humans, or it
is clear that the available human data are sufficient.

Route of Exposure.2 Data derived from studies involving oral exposure
(rather than parenteral, inhalation, or dermal exposure) are most useful
for the evaluation of nutrients. Data derived from studies involving
parenteral, inhalation, or dermal routes of exposure may be considered
relevant if the adverse effects are systemic and data are available to permit
interroute extrapolation.

Duration of Exposure. Because the magnitude, duration, and frequency
of exposure can vary considerably in different situations, consideration
needs to be given to the relevance of the exposure scenario (e.g., chronic
daily dietary exposure versus short-term bolus doses) to dietary intakes by
human populations.

Pharmacokinetic and Metabolic Data

When available, data regarding the rates of nutrient absorption, distri-
bution, metabolism, and excretion may be important in derivation of
Tolerable Upper Intake Levels (ULs). Such data may provide significant
information regarding the interspecies differences and similarities in
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nutrient behavior, and so may assist in identifying relevant animal data.
They may also assist in identifying life stage differences in response to
nutrient toxicity.

 In some cases, there may be limited or even no significant data relating
to nutrient toxicity. It is conceivable that in such cases pharmacokinetic
and metabolic data may provide valuable insights into the magnitude of
the UL. Thus, if there are significant pharmacokinetic and metabolic data
over the range of intakes that meet nutrient requirements, and if it is
shown that this pattern of pharmacokinetic and metabolic data does not
change in the range of intakes greater than those required for nutrition, it
may be possible to infer the absence of toxic risk in this range. In contrast,
an alteration of pharmacokinetics or metabolism may suggest the poten-
tial for adverse effects. There has been no case encountered thus far in
which sufficient pharmacokinetic and metabolic data are available for
establishing ULs in this fashion, but it is possible such situations may arise
in the future.

Mechanisms of Toxic Action

Knowledge of molecular and cellular events underlying the produc-
tion of toxicity can assist in dealing with the problems of extrapolation
between species and from high to low doses. It may also aid in understand-
ing whether the mechanisms associated with toxicity are those associated
with deficiency. In most cases, however, because knowledge of the bio-
chemical sequence of events resulting from toxicity and deficiency is still
incomplete, it is not yet possible to state with certainty whether these
sequences share a common pathway.

Quality and Completeness of the Database

The scientific quality and quantity of the database are evaluated.
Human or animal data are reviewed for suggestions that the nutrient has
the potential to produce additional adverse health effects. If suggestions
are found, additional studies may be recommended.

Identification of Distinct and Highly Sensitive Subpopulations

The ULs are based on protecting the most sensitive members of the
general population from adverse effects of high nutrient intake. Some
highly sensitive subpopulations have responses (in terms of incidence,
severity, or both) to the agent of interest that are clearly distinct from the
responses expected for the healthy population. The risk assessment process
recognizes that there may be individuals within any life stage group who
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are more biologically sensitive than others, and thus their extreme sensi-
tivities do not fall within the range of sensitivities expected for the general
population. The UL for the general population may not be protective for
these subgroups. As indicated earlier, the extent to which a distinct sub-
population will be included in the derivation of a UL for the general
population is an area of judgment to be addressed on a case-by-case basis.

Dose–Response Assessment

The process for deriving the UL is described in this section and out-
lined in Box 4-1. It includes selection of the critical data set, identification
of a critical endpoint with its no-observed-adverse-effect level (NOAEL) or
lowest-observed-adverse-effect level (LOAEL), and assessment of uncertainty.

Data Selection and Identification of Critical Endpoints

The data evaluation process results in the selection of the most appro-
priate or critical data sets for deriving the UL. Selecting the critical data
set includes the following considerations:

• Human data, when adequate to evaluate adverse effects, are prefer-
able to animal data, although the latter may provide useful supportive
information.

• In the absence of appropriate human data, information from an
animal species with biological responses most like those of humans is most
valuable. Pharmacokinetic, metabolic, and mechanistic data may be avail-
able to assist in the identification of relevant animal species.

• If it is not possible to identify such a species or to select such data,
data from the most sensitive animal species, strain, and gender combina-
tion are given the greatest emphasis.

• The route of exposure that most resembles the route of expected
human intake is preferable. This consideration includes the digestive state
(e.g., fed or fasted) of the subjects or experimental animals. When this is
not possible, the differences in route of exposure are noted as a source of
uncertainty.

• The critical data set defines a dose–response relationship between
intake and the extent of the toxic response known to be most relevant to
humans. Data on bioavailability are considered and adjustments in expres-
sions of dose–response are made to determine whether any apparent dif-
ferences in response can be explained.

• The critical data set documents the route of exposure and the
magnitude and duration of the intake. Furthermore, the critical data set
documents the NOAEL (or LOAEL).
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Identification of a NOAEL (or LOAEL)

A nutrient can produce more than one toxic effect (or endpoint),
even within the same species or in studies using the same or different
exposure durations. The NOAELs and LOAELs for these effects will ordi-
narily differ. The critical endpoint used to establish a UL is the adverse
biological effect exhibiting the lowest NOAEL (e.g., the most sensitive
indicator of a nutrient’s toxicity). Because the selection of uncertainty
factors (UFs) depends in part upon the seriousness of the adverse effect, it
is possible that lower ULs may result from the use of the most serious
(rather than most sensitive) endpoint. Thus, it is often necessary to evaluate
several endpoints independently to determine which leads to the lowest UL.

For some nutrients, there may be inadequate data on which to develop
a UL. The lack of reports of adverse effects following excess intake of a
nutrient does not mean that adverse effects do not occur. As the intake of
any nutrient increases, a point (see Figure 4-2) is reached at which intake
begins to pose a risk. Above this point, increased intake increases the risk
of adverse effects. For some nutrients and for various reasons, there are
inadequate data to identify this point, or even to estimate its location.

Because adverse effects are almost certain to occur for any nutrient at
some level of intake, it should be assumed that such effects may occur for
nutrients for which a scientifically documentable UL cannot now be
derived. Until a UL is set or an alternative approach to identifying protec-
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FIGURE 4-2 Theoretical description of health effects of a nutrient as a function of
level of intake. The Tolerable Upper Intake Level (UL) is the highest level of daily
nutrient intake that is likely to pose no risk of adverse health effects for almost all
individuals in the general population. At intakes above the UL, the risk of adverse
effects increases.
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tive limits is developed, intakes greater than the Recommended Dietary
Allowance (RDA) or Adequate Intake (AI) should be viewed with caution.

The absence of sufficient data to establish a UL points to the need for
studies suitable for developing ULs.

Uncertainty Assessment

Several judgments must be made regarding the uncertainties and thus
the uncertainty factor (UF) associated with extrapolating from the
observed data to the general population (see Appendix L). Applying a UF
to a NOAEL (or LOAEL) results in a value for the derived UL that is less
than the experimentally derived NOAEL unless the UF is 1. The greater
the uncertainty, the larger the UF and the smaller the resulting UL. This is
consistent with the ultimate goal of the risk assessment: to provide an
estimate of a level of intake that will protect the health of virtually all
members of the healthy population (Mertz et al., 1994).

Although several reports describe the underlying basis for UFs (Dourson
and Stara, 1983; Zielhuis and van der Kreek, 1979), the strength of the
evidence supporting the use of a specific UF will vary. Because the impreci-
sion of these UFs is a major limitation of risk assessment approaches, con-
siderable leeway must be allowed for the application of scientific judgment
in making the final determination. Because data are generally available
regarding intakes of nutrients in human populations, the data on nutrient
toxicity may not be subject to the same uncertainties as are data on non-
essential chemical agents. The resulting UFs for nutrients and food
components are typically less than the factors of 10 often applied to non-
essential toxic substances. The UFs are lower with higher quality data and
when the adverse effects are extremely mild and reversible.

In general, when determining a UF, the following potential sources of
uncertainty are considered and combined in the final UF:

• Interindividual variation in sensitivity. Small UFs (close to 1) are used
to represent this source of uncertainty if it is judged that little population
variability is expected for the adverse effect, and larger factors (close to
10) are used if variability is expected to be great (NRC, 1994).

• Extrapolation from experimental animals to humans. A UF to account
for the uncertainty in extrapolating animal data to humans is generally
applied to the NOAEL when animal data are the primary data available.
While a default UF of 10 is often used to extrapolate animal data to humans
for nonessential chemicals, a lower UF may be used because of data showing
some similarities between the animal and human responses (NRC, 1994).

• LOAEL instead of NOAEL. If a NOAEL is not available, a UF may be
applied to account for the uncertainty in deriving a UL from the LOAEL.
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The size of the UF involves scientific judgment based on the severity and
incidence of the observed effect at the LOAEL and the steepness (slope)
of the dose–response.

• Subchronic NOAEL to predict chronic NOAEL. When data are lacking
on chronic exposures, scientific judgment is necessary to determine whether
chronic exposures are likely to lead to adverse effects at lower intakes than
those producing effects after subchronic exposures (exposures of shorter
duration).

Derivation of a UL

The UL is derived by dividing the NOAEL (or LOAEL) by a single UF
that incorporates all relevant uncertainties. ULs, expressed as amount per
day, are derived for various life stage groups using relevant databases,
NOAELs, LOAELs, and UFs. In cases where no data exist with regard to
NOAELs or LOAELs for the group under consideration, extrapolations
from data in other age groups or animal data are made on the basis of
known differences in body size, physiology, metabolism, absorption, and
excretion of the nutrient.

Generally, any age group adjustments are made based solely on differ-
ences in body weight, unless there are data demonstrating age-related dif-
ferences in nutrient pharmacokinetics, metabolism, or mechanism of action.

The derivation of the UL involves the use of scientific judgment to
select the appropriate NOAEL (or LOAEL) and UF. As shown in Figure 4-3,
when using the same critical endpoint there is a greater level of uncer-
tainty in setting the UL based on a LOAEL compared with a NOAEL. The
risk assessment requires explicit consideration and discussion of all choices
made regarding both the data used and the uncertainties accounted for.
These considerations are discussed in the nutrient chapters.

Characterization of the Estimate and Special Considerations

If the data review reveals the existence of subpopulations having dis-
tinct and exceptional sensitivities to a nutrient’s toxicity, these subpopula-
tions are explicitly discussed and concerns related to adverse effects are
noted; however, the use of the data is not included in the identification of
the NOAEL or LOAEL, upon which the UL for the general population is
based.

Circumstances in Which No UL Is Established

There are two general conditions under which ULs are not established.
In some cases, the availability of insufficient evidence regarding a
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FIGURE 4-3 Effect of uncertainty assessment on the Tolerable Upper Intake Level
(UL). Dashed line represents a hypothetical no-observed-adverse-effect level
(NOAEL). Solid lines represent available data used to set the UL. Area containing
diagonal lines represents theoretical range of uncertainty. LOAEL = lowest-
observed-adverse-effect level; RDA = Recommended Dietary Allowance.

nutrient’s capacity to cause adverse effects prohibits the application of the
UL model. In other cases, the evidence is available, but meeting the UL
derived from such evidence will necessarily result in the introduction of
undesirable health effects because of the required adjustments in dietary
patterns.

Insufficient Evidence of Adverse Effects

The scientific evidence relating to adverse effects of nutrient excess
varies greatly among nutrients. The type of data and evidence of causation
used to derive ULs have been described earlier in this chapter, but such
data and evidence are simply unavailable for some nutrients. In some cases
(e.g., the individual amino acids), some data relating to adverse effects
may be available, but are of such uncertain relevance to human health that
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their use in deriving ULs is scientifically insupportable. In every instance in
which ULs are not derived because of lack of adequate evidence, the
specific limitations in the database are described.

Offsetting Benefits Reduction

In the case of macronutrients, particularly, problems arise because of
the adjustments in dietary patterns that would be required to meet a
derived UL. For saturated and trans fatty acids and dietary cholesterol, for
example, there is evidence that any intake greater than zero will increase
serum levels of low density lipoprotein cholesterol, an established risk for
cardiovascular disease. In such cases, the UL model calls for the establish-
ment of a UL of 0. But it is clear that, because saturated fat and cholesterol
are both unavoidable in ordinary diets, achieving such a UL will require
extraordinary changes in patterns of dietary intake. Such extraordinary
adjustments may introduce other undesirable health effects (e.g., elimina-
tion of foods containing saturated fats may result in a large excess intake
of carbohydrate and insufficient intake of micronutrients). In addition,
unknown and unquantifiable health risks may also be introduced. For
these reasons, no UL will be proposed in circumstances in which imple-
mentation of measures to achieve the UL may lead to undesirable dietary
adjustments. In all such cases, the basis for failing to propose a UL will be
described.

Lack of ULs for Macronutrients and Implications

ULs were not set for macronutrients because (1) there was insufficient
evidence for identifying an adverse effect, and therefore a LOAEL, upon
which to determine a UL (e.g., protein), (2) data relating to adverse effects
were available (e.g., amino acids), but were of uncertain relevance to
human health because their use in deriving ULs was not scientifically sup-
portable, (3) macronutrients are interrelated in providing energy and
therefore it is not known whether the adverse effect is due to a high intake
of one macronutrient (e.g., fat), due to a low intake of another macro-
nutrient (e.g., carbohydrate, which is usually low in a high fat diet), or
both (high fat, low carbohydrate diet), and (4) adjustments of dietary
patterns to prevent exceeding a UL of near 0 g/d (e.g., trans and saturated
fatty acids and cholesterol), resulting in inadequate intakes of certain micro-
nutrients (e.g., iron and zinc). In addition, the UL method is not applicable
to energy since any intake above the requirement would be expected to
result in weight gain and an increased risk of premature mortality.

The failure to establish a UL for any nutrient should not be inter-
preted as a lack of concern for adverse health effects (i.e., it is not equiva-
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lent to a recommendation that the nutrient can be consumed without
limit). Lack of data regarding adverse effects is not evidence of safety.
Indeed, in some cases (the previous example of saturated fat) there is
clearly evidence of adverse health effects, but a UL is not established to
avoid the need for drastic changes that may introduce undesirable health
effects.

In every instance in which a UL is not established, it is necessary to
offer specific advice regarding the need to avoid deficiency, or in some
cases, to reduce intakes, consistent with the need to maintain healthy
dietary patterns.

INTAKE ASSESSMENT

In order to assess the risk of adverse effects, information on the range
of nutrient intakes in the general population is required. As noted earlier,
in cases where the Tolerable Upper Intake Level (UL) pertains only to
supplement use and not to usual food intakes of the nutrient, the assess-
ment is directed at supplement intake only.

RISK CHARACTERIZATION

As described earlier, the question of whether nutrient intakes create a
risk of toxicity requires a comparison of the range of nutrient intakes
(from food, supplements, and other sources, or from supplements alone,
depending upon the basis for the Tolerable Upper Intake Level [UL])
with the UL.

Figure 4-4 illustrates a distribution of chronic nutrient intakes in a
population; the fraction of the population experiencing chronic intakes
above the UL represents the potential at-risk group. A policy decision is
needed to determine whether efforts should be made to reduce risk. No
precedents are available for such policy decisions, although in the areas of
food additives or pesticide regulations, federal regulatory agencies have
generally sought to ensure that the 90th or 95th percentile of intake falls
below the UL (or its approximate equivalent measure of risk). If this goal
is achieved, the fraction of the population remaining above the UL is
likely to experience intakes only slightly greater than the UL and is likely
to be at little or no risk.

For risk management decisions, it is useful to evaluate the public
health significance of the risk, and information contained in the risk char-
acterization is critical for this purpose.

Thus, the significance of the risk to a population consuming a nutri-
ent in excess of the UL is determined by the following:
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FIGURE 4-4 Illustration of the population at risk from excessive nutrient intakes.
The fraction of the population consistently consuming a nutrient at intake levels in
excess of the Tolerable Upper Intake Level (UL) is potentially at risk of adverse
health effects. See text for a discussion of additional factors necessary to judge the
significance of the risk. NOAEL = no-observed-adverse-effect level; LOAEL = lowest-
observed-adverse-effect level.

1. the fraction of the population consistently consuming the nutri-
ent at intake levels in excess of the UL,

2. the seriousness of the adverse effects associated with the nutrient,
3. the extent to which the effect is reversible when intakes are reduced

to levels less than the UL, and
4. the fraction of the population with consistent intakes above the

no-observed-adverse-effect level or even the lowest-observed-adverse-effect
level.

Thus, the significance of the risk of excessive nutrient intake cannot
be judged only by reference to Figure 4-4, but requires careful consider-
ation of all of the above factors. Information on these factors is contained
in sections of the nutrient chapters that describe the bases for each of
the ULs.
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5
Energy

SUMMARY

Energy is required to sustain the body’s various functions, includ-
ing respiration, circulation, physical work, and maintenance of
core body temperature. The energy in foods is released in the
body by oxidation, yielding the chemical energy needed to sustain
metabolism, nerve transmission, respiration, circulation, and physical
work. The heat produced during these processes is used to maintain
body temperature. Energy balance in an individual depends on
his or her dietary energy intake and energy expenditure. Imbalances
between intake and expenditure result in gains or losses of body
components, mainly in the form of fat, and these determine changes
in body weight.

The Estimated Energy Requirement (EER) is defined as the average
dietary energy intake that is predicted to maintain energy balance
in a healthy, adult of a defined age, gender, weight, height, and
level of physical activity consistent with good health. To calculate
the EER, prediction equations for normal weight individuals were
developed from data on total daily energy expenditure measured
by the doubly labeled water technique. In children and pregnant
or lactating women, the EER includes the needs associated with
the deposition of tissues or the secretion of milk at rates consistent
with good health. While the expected between-individual variabil-
ity is calculated for the EER, there is no Recommended Dietary
Allowance (RDA) for energy because energy intakes above the
EER would be expected to result in weight gain. Similarly, the
Tolerable Upper Intake Level (UL) concept does not apply to
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energy, because any intake above an individual’s energy require-
ment would lead to undesirable (and potentially hazardous)
weight gain.

BACKGROUND INFORMATION

Humans and other mammals constantly need to expend energy to
perform physical work; to maintain body temperature and concentration
gradients; and to transport, synthesize, degrade, and replace small and
large molecules that make up body tissue. This energy is generated by the
oxidation of various organic substances, primarily carbohydrates, fats, and
amino acids. In 1780, Lavoisier and LaPlace measured the heat produc-
tion of mammals by calorimetry (Kleiber, 1975). They demonstrated that
it was equal to the heat released when organic substances were burned,
and that the same quantities of oxygen were consumed by animal metabo-
lism as were used during the combustion of the same organic substrates
(Holmes, 1985). Indeed, it has been verified by numerous experiments on
animals and humans since then that the energy produced by oxidation of
carbohydrates and fats in the body is the same as the heat of combustion
of these substances (Kleiber, 1975). The crucial difference is that in organ-
isms oxidation proceeds through many steps, allowing capture of some of
the energy in an intermediate chemical form—the high energy pyrophos-
phate bond of adenosine triphosphate (ATP). Hydrolysis of these high-
energy bonds can then be coupled to various chemical reactions, thereby
driving them to completion, even if by themselves they would not proceed
(Lipmann, 1941). Typically, the rates of energy expenditure in adults at
rest are slightly less than 1 kcal/min in women (i.e., 0.8 to 1.0 kcal/min or
1,150 to 1,440 kcal/d), and slightly more than 1 kcal/min in men (i.e., 1.1 to
1.3 kcal/min or 1,580 to 1,870 kcal/d) (Owen et al., 1986, 1987). One
kcal/min corresponds approximately to the heat released by a burning
candle or by a 75-watt light bulb (i.e., 1 kcal/min corresponds to 70 J/sec
or 70 W).

Energy Yields from Substrates

Carbohydrate, fat, protein, and alcohol provide all of the energy sup-
plied by foods and are generally referred to as macronutrients (in contrast
to vitamins and elements, usually referred to as micronutrients). The amount
of energy released by the oxidation of carbohydrate, fat, protein, and
alcohol (also known as Heat of Combustion, or ∆H) is shown in Table 5-1.

When alcohol (ethanol or ethyl alcohol) is consumed, it promptly
appears in the circulation and is oxidized at a rate determined largely by
its concentration and by the activity of liver alcohol dehydrogenase. Oxi-
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dation of alcohol elicits a prompt reduction in the oxidation of other
substrates used for ATP regeneration, demonstrating that ethanol oxida-
tion proceeds in large part via conversion to acetate and oxidative phos-
phorylation. The phenomenon has been precisely measured by indirect
calorimetry in human subjects, in whom ethanol consumption was found
to primarily reduce fat oxidation (Suter et al., 1992). About 80 percent of
the energy liberated by ethanol oxidation is used to drive ATP regenera-
tion, so that the thermic effect of ethanol comes to about 20 percent (Siler
et al., 1999). The thermic effect of food is the increase in energy expendi-

TABLE 5-1 Heat of Combustion of Various Macronutrients

Heat of
Combustiona Atwater Factord

Macronutrient (kcal/g) kcalb/L O2 RQc (CO2/O2) (kcal/g)

Starch 4.18 5.05 1.0 4.0
Sucrose 3.94 5.01 1.0 4.0
Glucose 3.72 4.98 1.0 4.0
Fat 9.44 4.69 0.71 9.0
Protein by 5.6

combustiona

Protein through 4.70 4.66 0.835 4.0
metabolisma

Alcohole 7.09 4.86 0.67 —

a The energy derived by protein oxidation in living organisms is less than the heat of
combustion of protein, because the nitrogen-containing end product of metabolism in
mammals is urea (or uric acid in birds and reptiles), whereas nitrogen is converted into
nitrous oxide when protein is combusted. The heat liberated by biological oxidation of
proteins was long thought to be 4.3 kcal/g (Merrill and Watt, 1973), but a more recent
demonstration showed that the actual value is 4.7 kcal/g (Livesey and Elia, 1988).
b One calorie is the amount of energy needed to increase the temperature of 1 g of
water from 14.5˚ to 15.5˚C. In the context of foods and nutrition, “large calorie” (i.e.,
Calories, with a capital C), which is more properly referred to as “kilocalorie” (kcal),
has been traditionally used. In the International System of Units, the basic energy unit
is the Joule (J). One J = 0.239 calories, so that 1 kcal = to 4.186 kJ. A daily energy
expenditure of 2,400 kcal corresponds to the expenditure of 10,000 kJ, or 10 MJ (Mega
Joules)/d.
c RQ = respiratory quotient, which is defined as the ratio of CO2 produced divided by O2
consumed (in terms of mols, or in terms of volumes of CO2 and O2).
d Atwater, a pioneer in the study and characterization of nutrients and metabolism,
proposed to use the values of 4, 9, and 4 kcal/g of carbohydrate, fat, and protein,
respectively (Merrill and Watt, 1973). This equivalent is now uniformly used in nutrient
labeling and diet formulation. Nutrition Labeling of Food. 21 C.F.R. §101.9 (1991).
e Alcohol (ethanol) content of beverages is usually described in terms of percent by
volume. The heat of combustion of alcohol is 5.6 kcal/mL. (One mL of alcohol weighs
0.789 g.)
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ture as measured by heat produced upon ingestion of that food. The
thermic effect of alcohol is about twice the thermic effect of carbohydrate,
but less than the thermic effect of protein (see later section, “Thermic
Effect of Food”).

Reported food intake in individuals consuming alcohol is often similar
to that of individuals who do not consume alcohol (de Castro and Orozco,
1990). As a result, it has sometimes been questioned whether alcohol con-
tributes substantially to energy production. However, the biochemical and
physiological evidence about the contribution made by ethanol to oxidative
phosphorylation is so unambiguous that the apparent discrepancies
between energy intake data and body weights must be attributed to
inaccuracies in reported food intakes. In fact, in individuals consuming a
healthy diet, the additional energy provided by alcoholic beverages can be
a risk factor for weight gain (Suter et al., 1997), as opposed to alcoholics in
whom the pharmacological impact of excessive amounts of ethanol tends
to inhibit normal eating and may cause emaciation.

Energy Requirements Versus Nutrient Requirements

Recommendations for nutrient intakes are generally set to provide an
ample supply of the various nutrients needed (i.e., enough to meet or
exceed the requirements of almost all healthy individuals in a given life
stage and gender group). For most nutrients, recommended intakes are
thus set to correspond to the median amounts sufficient to meet a specific
criterion of adequacy plus two standard deviations to meet the needs of
nearly all healthy individuals (see Chapter 1). However, this is not the case
with energy because excess energy cannot be eliminated, and is eventually
deposited in the form of body fat. This reserve provides a means to main-
tain metabolism during periods of limited food intake, but it can also
result in obesity.

The first alternate criterion that may be considered as the basis for a
recommendation for energy is that energy intake should be commensu-
rate with energy expenditure, so as to achieve energy balance. Although
frequently applied in the past, this is not appropriate as a sole criterion, as
described by the FAO/WHO/UNU publication, Energy and Protein Require-
ments (1985):

The energy requirement of an individual is a level of energy intake
from food that will balance energy expenditure when the indi-
vidual has a body size and composition, and level of physical activity,
consistent with long-term good health; and that would allow for
the maintenance of economically necessary and socially desirable
physical activity. In children and pregnant or lactating women
the energy requirement includes the energy needs associated with
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the deposition of tissues or the secretion of milk at rates consis-
tent with good health (p. 12).

This definition indicates that desirable energy intakes for obese indi-
viduals are less than their current energy expenditure, as weight loss and
establishment of a steady state at a lower body weight is desirable for them.
In underweight individuals, on the other hand, desirable energy intakes
are greater than their current energy expenditure to permit weight gain
and maintenance of a higher body weight. Thus, it seems logical to base
estimated values for energy intake on the amounts of energy that need to
be consumed to maintain energy balance in adult men and women who
are maintaining desirable body weights, taking into account the incre-
ments in energy expenditure elicited by their habitual level of activity.

There is another fundamental difference between the requirements
for energy and those for other nutrients. Body weight provides each indi-
vidual with a readily monitored indicator of the adequacy or inadequacy of
habitual energy intake, whereas a comparably obvious and individualized
indicator of inadequate or excessive intake of other nutrients is not usually
evident.

Energy Balance

Because of the effectiveness in regulating the distribution and use of
metabolic fuels, man and animals can survive on foods providing widely
varying proportions of carbohydrates, fats, and proteins. The ability to
shift from carbohydrate to fat as the main source of energy, coupled with
the presence of substantial reserves of body fat, makes it possible to accom-
modate large variations in macronutrient intake, energy intake, and energy
expenditure. The amount of fat stored in an adult of normal weight com-
monly ranges from 6 to 20 kg. Since one gram of fat provides 9.4 kcal,
body fat energy reserves thus range typically from approximately 50,000 to
200,000 kcal, providing a large buffer capacity as well as the ability to
provide energy to survive for extended periods (i.e., several months) of
severe food deprivation. Large daily deviations from energy balance are
thus readily tolerated, and accommodated primarily by gains or losses of
body fat (Abbott et al., 1988; Stubbs et al., 1995). Coefficients of variation
for intra-individual variability in daily energy intake average ± 23 percent
(Bingham et al., 1994); variations in physical activity are not closely syn-
chronized with adjustments in food intake (Edholm et al., 1970). Thus,
substantial positive as well as negative energy balances of several hundred
kcal/d occur as a matter of course under free-living conditions among
normal and overweight subjects. Yet over the long term, energy balance is
maintained with remarkable accuracy. Indeed, during long periods in the
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life of most individuals, gains or losses of adipose tissue are less than 1 to 2
kg over a year (McCargar et al., 1993), implying that the cumulative error
in adjusting energy intake to expenditure amounts to less than 2 percent
of energy expenditure.

Components of Energy Expenditure

Basal and Resting Metabolism

The basal metabolic rate (BMR) describes the rate of energy expendi-
ture that occurs in the postabsorptive state, defined as the particular con-
dition that prevails after an overnight fast, the subject having not consumed
food for 12 to 14 hours and resting comfortably, supine, awake, and motion-
less in a thermoneutral environment. This standardized metabolic state
corresponds to the situation in which food and physical activity have minimal
influence on metabolism. The BMR thus reflects the energy needed to
sustain the metabolic activities of cells and tissues, plus the energy needed
to maintain blood circulation, respiration, and gastrointestinal and renal
processing (i.e., the basal cost of living). BMR thus includes the energy
expenditure associated with remaining awake (the cost of arousal), reflect-
ing the fact that the sleeping metabolic rate (SMR) during the morning is
some 5 to 10 percent lower than BMR during the morning hours (Garby
et al., 1987).

BMR is commonly extrapolated to 24 hours to be more meaningful,
and it is then referred to as basal energy expenditure (BEE), expressed as
kcal/24 h. Resting metabolic rate (RMR), energy expenditure under rest-
ing conditions, tends to be somewhat higher (10 to 20 percent) than under
basal conditions due to increases in energy expenditure caused by recent
food intake (i.e., by the “thermic effect of food”) or by the delayed effect
of recently completed physical activity (see Chapter 12). Thus, it is impor-
tant to distinguish between BMR and RMR and between BEE and resting
energy expenditure (REE) (RMR extrapolated to 24 hours).

Basal, resting, and sleeping energy expenditures are related to body
size, being most closely correlated with the size of the fat-free mass (FFM),
which is the weight of the body less the weight of its fat mass. The size of
the FFM generally explains about 70 to 80 percent of the variance in RMR
(Nelson et al., 1992; Ravussin et al., 1986). However, RMR is also affected
by age, gender, nutritional state, inherited variations, and by differences
in the endocrine state, notably (but rarely) by hypo- or hyperthyroidism.
The relationships among RMR, body weight, and FFM are illustrated in
Figures 5-1 and 5-2 (Owen, 1988), which show that differences in RMR
relative to body weight among diverse individuals such as men, women,
and athletes mostly disappear when RMR is considered relative to FFM.
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FIGURE 5-1 Resting metabolic rates (RMR) are contrasted against the weights of
44 lean (�) and obese (●) healthy women, 8 of whom were athletes (⊕), and 60
lean (∆) and obese (�) healthy men. Reprinted, with permission, from Owen
(1988). Copyright 1988 by W.B. Saunders.
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FIGURE 5-2 Resting metabolic rates (RMR) are contrasted against the fat-free
masses (FFM) of 44 lean (�) and obese (●) healthy women, 8 of whom were
athletes (⊕), and 60 lean (∆) and obese (�) healthy men. Reprinted, with permis-
sion, from Owen (1988). Copyright 1988 by W.B. Saunders.
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BEE has been predicted from age, gender, and body size. Prediction
equations were developed for each gender (WN Schofield, 1985) by pool-
ing and analyzing reported measurements made in 7,393 individuals. A
recent re-evaluation of all available data performed by Henry (2000) has
led to a new set of predicting equations.

Thermic Effect of Food

It has long been known that food consumption elicits an increase in
energy expenditure (Kleiber, 1975). Originally referred to as the Specific
Dynamic Action (SDA) of food, this phenomenon is now more commonly
referred to as the thermic effect of food (TEF). The intensity and duration
of meal-induced TEF is determined primarily by the amount and composi-
tion of the foods consumed, mainly due to the metabolic costs incurred in
handling and storing ingested nutrients (Flatt, 1978). Activation of the
sympathetic nervous system elicited by dietary carbohydrate and by sensory
stimulation causes an additional, but modest, increase in energy expendi-
ture (Acheson et al., 1983). The increments in energy expenditure during
digestion above baseline rates, divided by the energy content of the food
consumed, vary from 5 to 10 percent for carbohydrate, 0 to 5 percent for
fat, and 20 to 30 percent for protein. The high TEF for protein reflects the
relatively high metabolic cost involved in processing the amino acids
yielded by absorption of dietary protein, for protein synthesis, or for the
synthesis of urea and glucose (Flatt, 1978; Nair et al., 1983). Consumption
of the usual mixture of nutrients is generally considered to elicit increases
in energy expenditure equivalent to 10 percent of the food’s energy con-
tent (Kleiber, 1975). Since TEF occurs during a limited part of the day
only, it can result in noticeable increases in REE if energy expenditure is
measured during the hours following meals.

Thermoregulation

Birds and mammals, including humans, regulate their body tempera-
ture within narrow limits. This process, termed thermoregulation, can elicit
increases in energy expenditure that are greater when ambient tempera-
tures are below the zone of thermoneutrality. The environmental tem-
perature at which oxygen consumption and metabolic rate are lowest is
described as the critical temperature or thermoneutral zone (Hill, 1964).
Because most people adjust their clothing and environment to maintain
comfort, and thus thermoneutrality, the additional energy cost of thermo-
regulation rarely affects total energy expenditure to an appreciable extent.
However, there does appear to be a small influence of ambient tempera-
ture on energy expenditure as described in more detail below.
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Physical Activity

The energy expended for physical activity varies greatly among indi-
viduals as well as from day to day. In sedentary individuals, about two-
thirds of total energy expenditure goes to sustain basal metabolism over
24 hours (the BEE), while one-third is used for physical activity. In very
active individuals, 24-hour total energy expenditure can rise to twice as
much as basal energy expenditure (Grund et al., 2001), while even higher
total expenditures occur among heavy laborers and some athletes.

The efficiency with which energy from food is converted into physical
work is remarkably constant when measured under conditions where body
weight and athletic skill are not a factor, such as on bicycle ergometers
(Kleiber, 1975; Nickleberry and Brooks, 1996; Pahud et al., 1980). For
weight-bearing physical activities, the cost is roughly proportional to body
weight. In the life of most persons, walking represents the most significant
form of physical activity, and many studies have been performed to deter-
mine the energy expenditures induced by walking or running at various
speeds (Margaria et al., 1963; Pandolf et al., 1977; Passmore and Durnin,
1955). Walking at a speed of 2 mph is considered to correspond to a mild
degree of exertion, walking speeds of 3 to 4 mph correspond to moderate
degrees of exertion, and a walking speed of 5 mph to vigorous exertion
(Table 12-1, Fletcher et al., 2001). Over this range of speeds, the increment
in energy expenditure amounts to some 60 kcal/mi walked for a 70-kg
individual, or 50 kcal/mi walked for a 57-kg individual (see Chapter 12,
Figure 12-4). The exertion caused by walking/jogging increases progres-
sively at speeds of 4.5 mph and beyond, reaching 130 kcal/mi at 5 mph for
a 70-kg individual.

The increase in daily energy expenditure is somewhat greater, how-
ever, because exercise induces an additional small increase in expenditure
for some time after the exertion itself has been completed. This excess
post-exercise oxygen consumption (EPOC) depends on exercise intensity
and duration and has been estimated at some 15 percent of the increment
in expenditure that occurs during exertions of the type described above
(Bahr et al., 1987). This raises the cost of walking at 3 mph to 69 kcal/mi
(60 kcal/mi × 1.15) for a 70-kg individual and to 58 kcal/mi (50 kcal/mi ×
1.15) for a 57-kg individual. Taking into account the dissipation of 10 percent
of the energy consumed on account of the thermic effect of food to cover the
expenditure associated with walking, then walking 1 mile raises daily energy
expenditure to 76 kcal/mi (69 kcal/mi × 1.1) in individuals weighing 70 kg,
or 64 kcal/mi (58 kcal/mi × 1.1) for individuals weighing 57 kg. Since the cost
of walking is proportional to body weight, it is convenient to consider that the
overall cost of walking at moderate speeds is approximately 1.1 kcal/mi/kg
body weight (75 kcal/mi/70 kg or 64 kcal/mi/57 kg). The effects of varia-
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tions in body weights and the impact of various physical activities on energy
expenditure are considered in more detail in Chapter 12.

Physical Activity Level

The level of physical activity is commonly described as the ratio of
total to basal daily energy expenditure (TEE/BEE). This ratio is known as
the Physical Activity Level (PAL), or the Physical Activity Index. Describ-
ing physical activity habits in terms of PAL is not entirely satisfactory
because the increments above basal needs in energy expenditure, brought
about by most physical activities where body weight is supported against
gravity (e.g., walking, but not cycling on a stationary cycle ergometer), are
directly proportional to body weight, whereas BEE is more nearly propor-
tional to body weight0.75. However, PAL is a convenient comparison and is
used in this report to describe and account for physical activity habits. The
effect of variations in activities on PAL is described in Chapter 12.

Total Energy Expenditure

Total Energy Expenditure (TEE) is the sum of BEE (which includes a
small component associated with arousal, as compared to sleeping), TEF,
physical activity, thermoregulation, and the energy expended in deposit-
ing new tissues and in producing milk. With the emergence of informa-
tion on TEE by the doubly labeled water (DLW) method (Schoeller, 1995),
it has become possible to determine energy expenditure of infants, chil-
dren, and adults under free-living conditions. TEE from doubly labeled
water does not include the energy content of the tissue constituents laid
down during normal growth and pregnancy or the milk produced during
lactation, as it refers to energy expended during oxidation of energy-
yielding nutrients to water and carbon dioxide.

It should be noted that direct measurements of TEE represent a dis-
tinct advantage over previous TEE evaluations, which had to rely on the
factorial approach and on food intake data, which have limited accuracy
due to the inability to reliably determine average physical activity cost and
nutrient intakes.

Estimated Energy Requirement

Information on energy expenditure obtained by DLW studies con-
ducted by a number of research units (see Appendix I) are used in this
report to estimate energy requirements, taking into account estimates of
the energy content of new body constituents during growth and preg-
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nancy and of the milk produced during lactation. Energy expenditure
depends on age and varies primarily as a function of body size and physical
activity, both of which vary greatly among individuals. Recommendations
about energy intake vary accordingly, and are also subject to the criterion
that an individual adult’s body weight should remain stable and within the
healthy range.

SELECTION OF INDICATORS FOR ESTIMATING
THE REQUIREMENT FOR ENERGY

Reported Energy Intake

The reported energy intakes of weight-stable subjects (i.e., those in
energy balance) could, in principle, be used to predict energy require-
ments for weight maintenance. However, it is now widely recognized that
reported energy intakes in dietary surveys underestimate usual energy
intake (Black et al., 1993).

The most compelling evidence about underreporting has come from
measurements of total energy expenditure (TEE) by the doubly labeled
water (DLW) method (Schoeller, 1995). The use of a measure or estimate
of TEE to validate instruments that measure food intake is dependent on
the principle of energy balance. That is, in weight-stable adults, energy
intake must equal TEE. By comparing reported energy intake to TEE, the
accuracy of food intake reporting can be assessed (Goldberg et al., 1991a).

A large body of literature documents the underreporting of food
intake, which can range from 10 to 45 percent depending on the age,
gender, and body composition of individuals in the sample population
(Johnson, 2000). Underreporting tends to increase as children grow older
(Livingstone et al., 1992b), is worse among women than in men (Johnson
et al., 1994), and is more pronounced among overweight and obese than
among lean individuals (Bandini et al., 1990a; Lichtman et al., 1992;
Prentice et al., 1986). Low socioeconomic status, characterized by low
income, low educational attainment, and low literacy levels increase the
tendency to underreport energy intakes (Briefel et al., 1997; Johnson et
al., 1998; Price et al., 1997; Pryer et al., 1997). Ethnic differences affecting
sensitivities and psychological perceptions relating to eating and body
weight can also affect the accuracy of reported food intakes (Tomoyasu et
al., 2000). Finally, individuals with infrequent symptoms of hunger under-
report to a greater degree than those who experience frequent hunger
(Bathalon et al., 2000).

There is some evidence suggesting that underreporters often fail to
report foods perceived to be bad or sinful, such as cakes/pies, savory
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snacks, cheese, fried potatoes, meat mixtures, soft drinks, spreads, condi-
ments, and generally foods known to be high in fat (Bingham and Day,
1997; Krebs-Smith et al., 2000). Reported intakes of added sugars are also
significantly lower than that consumed, due in part to the frequent omis-
sion of snack foods from 24-hour food recording (Poppitt et al., 1998).

Finally, there is no objective evidence for the existence of “small eaters,”
individuals who can survive long term on the low energy intakes that they
report in dietary surveys (Black, 1999; Lichtman et al., 1992; Prentice et
al., 1986). Clearly, it is no longer tenable to base energy requirements on
self-reported food consumption data.

Factorial Approach

Previous Recommended Dietary Allowances for energy (NRC, 1989)
used the factorial method to estimate TEE. This method calculates TEE
using information on the amount of time devoted to different activities
and the energy costs of each activity throughout a theoretical 24-hour
period. The factorial method allowed theoretical estimation of TEE for a
defined activity pattern (using measured average costs of standard activities
and theoretical activity duration). Thus, mean expected energy require-
ments for different levels of physical activity were defined.

However, there are recognized problems with the factorial method
and doubts about the validity of energy requirement predictions based on
it (Roberts et al., 1991). The first problem is that there are a wide range of
activities and physical efforts performed during normal life, and it is not
feasible to measure the energy cost of each. Another concern with the
factorial method is that the measurement of the energy costs of specific
activities imposes constraints (due to mechanical impediments associated
with performing an activity while wearing unfamiliar equipment) that may
alter the measured energy costs of different activities. Although generali-
zations are essential in trying to account for the energy costs of daily activi-
ties, substantial errors may be introduced. In addition, energy expenditure
during sleep, once considered to be equivalent to basal metabolic rate
(BMR), is generally somewhat lower (–5 to –10 percent) than BMR (Garby
et al., 1987).

Also, and perhaps most importantly, the factorial method only takes
into account activities that can be specifically accounted for (e.g., sleep-
ing, walking, household work, occupational activity, and so on). However,
24-hour room calorimeter studies have shown that a significant amount of
energy is expended in spontaneous physical activities, some of which are
part of a sedentary lifestyle (Ravussin et al., 1986; Zurlo et al., 1992). In
addition, some individuals manifest a substantial amount of fidgeting.
Together these were reported to average about 350 kcal/d, ranging from
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140 to 700 kcal/d (Ravussin et al., 1986). Thus, the factorial method is
bound to underestimate usual energy needs (Durnin, 1990; Roberts et al.,
1991).

Most comparisons of the factorial approach with DLW determinations
of TEE have shown significantly higher measured values for TEE than
predicted by the factorial method (Haggarty et al., 1994; Jones et al., 1997;
Roberts et al., 1991; Sawaya et al., 1995). In two direct comparisons of
factorial energy requirement estimates with DLW, one confirmed that the
factorial method underestimated energy needs (Leonard et al., 1997),
while the other found no difference between the methods in an elderly
population with a mean age of 70 years (Morio et al., 1997).

Measurement of Energy Expenditure by Doubly Labeled Water

The DLW method is a relatively new technique that measures TEE in
free-living individuals. It was originally proposed and developed by Lifson
for use in small animals (Lifson and McClintock, 1966; Lifson et al., 1955),
but has been adapted for human studies and extensively used (Schoeller
et al., 1986). Two stable isotopic forms of water (H2

18O and 2H2O) are
administered, and their disappearance rates from a body fluid (i.e., urine
or blood) are monitored for a period of time, optimally equivalent to 1 to
3 half lives for these isotopes (7 to 21 days in most human subjects). The
disappearance rate of 2H2O relates to water flux, while that of H2

18O
reflects water flux plus carbon dioxide (CO2) production rate, because of
the rapid equilibration of the body water and bicarbonate pools by car-
bonic anhydrase (Lifson et al., 1949). The difference between the two
disappearance rates can therefore be used to calculate the CO2 produc-
tion rate, and with knowledge of the composition of the diet, TEE can be
calculated.

To predict TEE from a measurement of CO2 production, it is neces-
sary to have an estimate of the average respiratory quotient (RQ = ratio of
CO2 produced to the O2 consumed) of the subject during the period of
measurement. This is because the energy released per liter of CO2 varies
with the RQ and hence with the substrate mix oxidized by the body (Elia,
1991). The ratio of the CO2 produced to the O2 consumed by the biologi-
cal oxidation of a representative sample of the diet is commonly referred
to as the food quotient, or FQ (Flatt, 1978).

Short-term measurements of RQ by indirect calorimetry are not useful
for the DLW technique because RQ varies markedly during the day, par-
ticularly after meals. It is therefore more accurate to estimate the average
RQ from information on the subjects’ dietary intake. When energy balance
prevails, the average RQ is equal to the FQ. If substantial gains or losses of
body constituents are known to occur during the period of measurement,
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appropriate adjustments can be made in estimating the average RQ.
Although food reports are inaccurate for measuring total energy intake,
FQ calculations from food records can be used because FQ has a relatively
small effect on DLW measurements of TEE.

Several validations of the DLW study have been conducted in which
DLW-derived estimates of TEE were compared with measurements of TEE
in whole-body calorimeters (Table 5-2). Although studies in whole-body
calorimeters do not mimic normal life conditions, they do allow for an
exact comparison of the DLW method with classic calorimetry, which is
considered the most reliable measurement of energy expenditure. As
shown in Table 5-2, there is a close agreement between means for the CO2
production rate determined by the two methods in all the validation studies.
The precision of DLW measurements, as assessed by the variability of indi-
vidual DLW measurements from the calorimetry assessments, ranged from
–2.5 to 5.9 percent in the different studies. These validation studies show
that the DLW method can provide an accurate assessment of the CO2
production rate and hence TEE in a wide range of human subjects.

One particular advantage of the DLW method is that it provides an
index of TEE over a period of several days. Because 1 to 3 half-lives of
isotope disappearance are needed for changes in isotopic abundance to
be measured accurately by mass spectrometry, optimal time periods for
DLW measurements of TEE range from 1 to 3 weeks in most groups of
individuals (Schoeller, 1983). Thus, in contrast to other techniques, DLW
can provide TEE estimates over biologically meaningful periods of time
that can reduce the impact of spontaneous daily variations in physical
activity. Moreover, because DLW is noninvasive (requiring only that the
subject drink the stable isotopes and provide at least three urine samples
over the study period), measurements can be made in subjects leading
their normal daily lives. A critical mass of DLW data has now accumulated
on a wide range of age groups and body sizes, so that the estimated energy
requirements provided in this report could be based on DLW measure-
ments of TEE.

The available DLW data (Appendix I) are not from randomly selected
individuals, except in the recent study of Bratteby and coworkers (1997),
and they do not constitute a sample representative of the population of
the United States and Canada. However, the measurements were obtained
in men, women, and children whose ages, body weights, heights, and physi-
cal activities varied over wide ranges. At the present time, a few age groups
are underrepresented and interpolations had to be performed in these
cases. Thus, while the available DLW data do not yet provide an entirely
satisfactory set of data, they nevertheless offer the best currently available
information.
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A second potential criticism of using DLW-derived estimates of TEE as
a basis for estimating energy requirements is that the approach assumes
that TEE is relatively unaffected by fluctuations in energy balance.
Although there is some capacity for TEE to increase or decrease spontane-
ously when energy intakes increase or decrease, these changes are small
and attenuate the effect of energy imbalances only modestly (Levine et al.,
1999; Roberts et al., 1990). Indeed, overfeeding studies show that over-
eating is inevitably accompanied by substantial weight gain, and that
reduced energy intake induces weight loss (Saltzman and Roberts, 1995).
Thus, although there may be some adaptive capacity to alter TEE in
response to changes in dietary energy intake, the DLW-based evaluation of
TEE at approximate weight maintenance provides an appropriate estimate
of energy expenditure from which energy requirements for maintaining
energy balance can be derived.

Body Mass Index

Adults

A growing literature supports the use of the body mass index (BMI,
defined as weight in kilograms divided by the square of height in meters)
as a predictor of the impact of body weight on morbidity and mortality
risks (Seidell et al., 1996; Troiano et al., 1996). As an index of healthy
weight and as a predictor of morbidity and mortality risk, it has supplanted
weight-for-height tables, which were derived primarily from white popula-
tions and relied on questionable estimates of frame size (NHLBI/NIDDK,
1998). BMI, although only an indirect indicator of body composition, is
now used to classify underweight and overweight individuals.

While sophisticated techniques are available to precisely measure fat-
free mass (FFM) and fat mass (FM) of individuals, these techniques are
used mainly in research protocols. For most clinical and epidemiological
applications, body size is judged on the basis of the BMI, which is easy to
determine, accurate, and reproducible. The main disadvantages of relying
on BMI are that (1) it does not reliably reflect body fat content, which is
an independent predictor of health risk, and (2) very muscular individuals
may be misclassified as overweight (Willett et al., 1999).

The National Institutes of Health (NIH) clinical guidelines on the
identification, evaluation, and treatment of normal, overweight and obese
adults and the World Health Organization have defined BMI cutoffs for
adults over 19 years of age, regardless of age or gender (NHLBI/NIDDK,
1998; WHO, 1998). Underweight is defined as a BMI of less than 18.5 kg/m2,
overweight as a BMI from 25 up to 30 kg/m2, and obese as a BMI of 30 kg/m2

or higher. A healthy or desirable BMI is considered to be from 18.5 up to
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TABLE 5-2  Comparison of Carbon Dioxide Production Rates
Measured by the Doubly Labeled Water Method and Indirect
Calorimetry in Humans

Reference Subjects n Time (d)

Coward et al., 1984 Adults, in energy balanced 4 12

Klein et al., 1984 Adults, in energy balance 1 5

Schoeller and Webb, 1984 Adults, in energy balance 5 5

Roberts et al., 1986 Preterm infants, growing 4 5

Schoeller et al., 1986 Adults, in energy balance
“Low” dose 6 4
“High” dose 3 4

Jones et al., 1987 Infants, after surgery 9 5–6

Westerterp et al., 1988 Adults, in energy balance
Sedentary 5 6
Active 4 3.5

Riumallo et al., 1989 Adults 6 7

Seale et al., 1990 Adults, in energy balance 4 13

Ravussin et al., 1991 Obese adults, in energy 12 7
balance

Schulz et al., 1992 Adults, in energy balance 9 7

Seale and Rumpler, 1997 Adults, in energy balance 19 10

a Calculations for pool: I = 2-pool model using measured pool sizes as proposed by
Coward et al. (1984) and detailed by Roberts et al. (1986), S = single-pool model as
described by Lifson et al. (1955) and Lifson and McClintock (1966), F = 2-pool model
with fixed ratio of 1.03 between pool sizes as described by Schoeller et al. (1986).
b Calculations for fractionated water loss: 50 = assumed to be 50 percent of total water
output, 25 = assumed to be 25 percent of total water output, M = measured or calcu-
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Calculations
CO2 %

T1/2 (d) Poola Fractionatedb Growthc Error

I 50 L 1.9

10.1 S 25 L 1.8

6.3–9.5 S 50 L 5.9 ± 7.6

2.5–3.6 I M E –1.4 ± 4.8

6.7–9.8 F P L 5.0 ± 9.5
8.6–9.9 F P L 1.7 ± 4.5

2.9–4.5 F P L –0.9 ± 6.2

5.7–9.0 F P L 1.4 ± 3.9
4.0–4.9 F P L –1.0 ± 7.0

F P L

F P L –1.04 ± 0.63

I P L –2.5 ± 5.8

I P L

F P L

lated from data on water balance, P = assumed to be proportional to carbon dioxide
output (Jones et al., 1987; Schoeller et al., 1986).
c Growth correction: L = no change or linear change in pool sizes, E = exponential
change in pool sizes.
d Energy balance indicates that induction of positive or negative energy balance was not
part of study protocol.
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25 kg/m2, a view adopted in this report. Although the healthy BMI range
is the result of a consensus, there are reasons to suggest that slightly differ-
ent mortality-based BMI ranges may be appropriate for different popula-
tions (NHLBI/NIDDK, 1998).

In establishing the 2000 Dietary Guidelines, the U.S. Departments of
Agriculture and of Health and Human Services set the “healthy weight”
upper limit at a BMI of 24.99 kg/m2 for adult men and women because
mortality increases significantly beyond this point (USDA/HHS, 2000).
Although the incidence of diabetes, hypertension, and coronary heart dis-
ease begins to increase even below this cutoff, a BMI of 24.99 kg/m2 is
considered a reasonable upper limit of healthy weight. The lower BMI
limit of 18.5 kg/m2 is not as well substantiated. The point at which low
BMI poses a health risk is poorly defined. The ability to identify persons
with low BMIs who are at increased risk for morbidity and mortality is
highly nonspecific.

Reference Weights. Weights corresponding to BMIs from 18.5 up to 25
kg/m2 are tabulated for adult men and women with heights ranging from
1.47 to 1.98 m in Table 5-3 (men) and Table 5-4 (women). Reference
weights used in this report correspond to a BMI of 22.5 kg/m2 for men
and a BMI of 21.5 kg/m2 for women, which match the 50th percentile
among 19-year-old individuals (Kuczmarski et al., 2000).

Relationship Between BMI and Body Fat Content. The Third National
Health and Nutrition Examination Survey (NHANES III) data that pro-
vide the major anthropometric parameters, including waist circumference,
skin-fold measurements, and bioimpedance data for some 15,000 women
and men were examined to evaluate the body fat content typical for all
BMI values (Appendix Table H-1) and among the 5,700 women and men
whose BMIs were from 18.5 up to 25 kg/m2 (Appendix Table H-2).
Bioimpedance data were used to calculate percent body fat using equa-
tions developed by Sun and coworkers (2003).

The regressions of percent body fat versus BMI (Appendix Table H-3)
were used to define the percent body fat ranges given in Table 5-5. The
multiple regressions of percent body fat versus BMI and waist circumfer-
ence (Appendix Table H-4) and of percent body fat versus BMI and tri-
ceps skinfold (Appendix Table H-5) were used to construct Figures 5-3
and 5-4.

One of the most commonly cited problems encountered in using BMI
as a criterion for assessing the presence of excess body fat is that muscular
subjects may have a BMI greater than 25 kg/m2 without carrying excess
body fat. In such cases, it is helpful to consider waist circumference in
addition to BMI. As shown in Figure 5-3, a man with a BMI of 30 kg/m2
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TABLE 5-3 Reference Heights and Weights for Men Based on
a Body Mass Index (BMI) Range from 18.5 up to 25 kg/m2

Weight at BMI of Weight at BMI of Weight at BMI of
Height (m[in]) 18.5 kg/m2 (kg [lb]) 22.5 kg/m2a (kg [lb]) 25 kg/m2 (kg [lb])

1.47 (58) 40 (88) 49 (108) 54 (119)
1.50 (59) 42 (93) 51 (112) 56 (123)
1.52 (60) 43 (95) 52 (115) 58 (128)
1.55 (61) 44 (97) 54 (119) 60 (132)
1.57 (62) 46 (101) 55 (121) 62 (137)
1.60 (63) 47 (104) 58 (128) 64 (141)
1.63 (64) 49 (108) 60 (132) 66 (146)
1.65 (65) 50 (110) 61 (134) 68 (150)
1.68 (66) 52 (115) 64 (141) 70 (154)
1.70 (67) 53 (117) 65 (143) 72 (159)
1.73 (68) 55 (121) 67 (148) 75 (165)
1.75 (69) 57 (126) 69 (152) 76 (168)
1.77 (70) 58 (128) 70 (154) 78 (172)
1.78 (70) 59 (130) 71 (156) 79 (174)
1.80 (71) 60 (132) 73 (161) 81 (178)
1.83 (72) 62 (137) 75 (165) 84 (185)
1.85 (73) 63 (139) 77 (170) 86 (190)
1.88 (74) 65 (143) 80 (176) 88 (194)
1.91 (75) 67 (148) 82 (181) 91 (201)
1.93 (76) 69 (152) 84 (185) 93 (205)
1.96 (77) 71 (156) 86 (190) 96 (212)
1.98 (78) 72 (159) 88 (194) 98 (216)

a Weights for men at a BMI of 22.5 kg/m2, equivalent to the 50th percentile for BMI at
19 years of age (Kuczmarski et al., 2000).

and a waist circumference of 85 cm (33.5 in) would still be expected to
have less than 21 percent body fat. In women (R2 = 0.77), BMI is a better
predictor of differences in percentage of body fat than in men (R2 = 0.55,
Appendix Table H-3), and in women, triceps skinfold data (R2 = 0.82,
Appendix Table H-5) provide a better parameter than waist circumference
(R2 = 0.79, Appendix Table H-4) in complementing the indication of body
fat percentage provided by BMI. In contrast, in men, waist circumference
(R2 = 0.61, Appendix Table H-4) provides a better parameter than triceps
skinfold data (R2 = 0.58, Appendix Table H-5) in complementing the indi-
cation of body fat percentage provided by BMI.

Relationship Between Height and Body Fat Content. The NHANES III data
allowed examination of the impact of height on FFM, and hence on FM
and on adiposity (as estimated by percent body fat). The impact of height
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TABLE 5-4 Reference Heights and Weights for Women Based
on a Body Mass Index (BMI) Range from 18.5 up to 25 kg/m2

Weight at BMI of Weight at BMI of Weight at BMI of
Height (m[in]) 18.5 kg/m2 (kg [lb]) 21.5 kg/m2a (kg [lb]) 25 kg/m2 (kg [lb])

1.47 (58) 40 (88) 46 (101) 54 (119)
1.50 (59) 42 (93) 48 (106) 56 (123)
1.52 (60) 43 (95) 50 (110) 58 (128)
1.55 (61) 44 (97) 52 (115) 60 (132)
1.57 (62) 46 (101) 53 (117) 62 (137)
1.60 (63) 47 (104) 55 (121) 64 (141)
1.63 (64) 49 (108) 57 (126) 66 (146)
1.65 (65) 50 (110) 59 (130) 68 (150)
1.68 (66) 52 (115) 61 (134) 70 (154)
1.70 (67) 53 (117) 62 (137) 72 (159)
1.73 (68) 55 (121) 64 (141) 75 (165)
1.75 (69) 57 (126) 66 (146) 76 (168)
1.77 (70) 58 (128) 67 (148) 78 (172)
1.78 (70) 59 (130) 68 (150) 79 (174)
1.80 (71) 60 (132) 70 (154) 81 (178)
1.83 (72) 62 (137) 72 (159) 84 (185)
1.85 (73) 63 (139) 74 (163) 86 (190)
1.88 (74) 65 (143) 76 (168) 88 (194)
1.91 (75) 67 (148) 78 (172) 91 (201)
1.93 (76) 69 (152) 80 (176) 93 (205)
1.96 (77) 71 (156) 82 (181) 96 (212)
1.98 (78) 72 (159) 84 (185) 98 (216)

a Weights for women at a BMI of 21.5 kg/m2, equivalent to the 50th percentile for BMI
at 19 years of age (Kuczmarski et al., 2000).

TABLE 5-5  Body Weight Classification by Body Mass Index
(BMI) and Body Fat Contenta

BMI Range
Body Fat (%)b

(kg/m2) Classification Men Women

From 18.5 up to 25 Normal  13–21  23–31
From 25 up to 30 Overweight  21–25  31–37
From 30 up to 35 Obese  25–31  37–42
35 or higher Clinically obese > 31 > 42

a Developed from regression of percent body fat versus BMI (kg/m2) (Appendix H)
using equations by Sun et al. (2003).
b Estimated from equations derived from bioimpedence data (Sun et al., 2003).
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FIGURE 5-3 Regressions of percent body fat (% BF) vs. body mass index (BMI)
(heavy lines), and vs. BMI relationships (thin lines) for adult men and women with
BMI of 18.5 kg/m2 and higher and with a specified waist circumference (WC) in
men (WC = 116, 102, 85, or 75 cm) and women (WC = 107, 88, 78, or 71 cm).
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on FFM for various BMI values is shown in Figure 5-5. BEE and REE are
correlated with FFM. Yet no correlation can be detected between height
and percent body fat in men, whereas in women a negative correlation
exists, but with a very small R2 value (0.0026) (Appendix Table H-6). Thus
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FIGURE 5-4 Regressions of percent body fat (% BF) versus body mass index (BMI)
(heavy lines) and the % BF versus BMI relationships (thin lines) for adult men and
women 19 years and older with BMI 18.5 kg/m2 and higher and with specified
triceps skinfold (TSF) thickness in men (TSF = 19.6, 15.8, 11.9, and 6.9 mm) and
women (TSF = 30.7, 26.4, 22.2, and 16.7 mm). The • indicates the mean BMI and
% BF for men and women with BMIs from 18.5 up to 25 kg/m2 and the � indi-
cates the mean BMI and % BF values for all men and women estimated in Appen-
dix Table H-4.
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FIGURE 5-5 Regression of fat-free mass (FFM) and fat mass (FM) as a function of
height in adult men and women with body mass indexes of 18.5, 25, 30, and 35 kg/
m2 (from Appendix H).

0

10

20

30

40

50

60

70

80

90

100

1.4 1.5 1.6 1.7 1.8 1.9 2.0

Height ( m)

F
at

-f
re

e 
M

as
s 

an
d 

F
at

 M
as

s

WOMEN

FM (18.5)
FM (25)

FM (30)
FM (35)

FFM (18.5)
FFM (25)

FFM (30)
FFM (35)



130 DIETARY REFERENCE INTAKES

in women, as in men, differences in height have very little, if any, impact
on adiposity.

Children

As children grow and develop, linear and ponderal growth do not
occur at exactly commensurate rates; consequently, BMI is not constant
throughout childhood. In U.S. children, BMI declines and reaches a mini-
mum around 4 to 6 years, and then gradually increases through adolescence
(Kuczmarski et al., 2000). Therefore, cutoff points to define underweight
and overweight must be age- and gender-specific. The revised growth charts
for the United States were derived from five national health examination
surveys collected from 1963 to 1994 (Kuczmarski et al., 2000). Smoothed
curves were developed for infants from birth to 36 months and for chil-
dren 2 to 20 years, and BMI charts were developed for boys and girls
greater than 2 years of age. Based on these data, the Centers for Disease
Control and Prevention (CDC) defined underweight in children as a BMI
of less than the 5th percentile. Children are considered to be at risk of
overweight when their BMI is greater than the 85th percentile, and over-
weight when their BMI is greater than the 95th percentile (Kuczmarski et
al., 2000).

Data from NHANES III on children 6 years of age and older were not
used in the CDC analysis because of the recent rise in obesity among
American youth. The most recent data from the NHANES III survey (1988–
1994) (Troiano et al., 1995) show that substantially more than 22 percent
of children in the United States now fall into the at-risk-for-overweight
category (from the 85th BMI percentile) and more than 10 percent are in
the overweight category (from the 95th BMI percentile). Childhood over-
weight is associated with several risk factors for later heart disease and
other chronic diseases including hyperlipidemia, hyperinsulinemia, hyper-
tension, and early arteriosclerosis (Must and Strauss, 1999).

Generally, an abnormal anthropometric measure is statistically defined
as a value below –2 standard deviations (SD) or Z-scores (less than the 2.3
percentile) or above +2 SD or Z-scores (greater than the 97.7 percentile)
relative to the reference mean (WHO Working Group, 1986). Undernutri-
tion is defined as below the 3rd percentile for weight-for-length. Similarly,
overweight has been defined as above the 97th percentile for weight-for-
length. For lengths between the 3rd and 97th percentiles, the median and
range of weights defined by the 3rd and 97th weight-for-length percentiles
for children 0 to 3 years of age are presented in Tables 5-6 (boys) and 5-7
(girls) (Kuczmarski et al., 2000).
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Reference heights and weights for boys and girls 3 to 18 years of age
are given in Tables 5-8 (boys) and 5-9 (girls). Median and range of weights
corresponding to the 5th and 85th BMI percentiles are designated for the
3rd and 97th height percentiles.

FACTORS AFFECTING ENERGY
EXPENDITURE AND REQUIREMENTS

Body Composition and Body Size

While body size and body weight exert marked effects on energy
expenditure, it is still disputed whether differences in body composition
quantitatively affect energy expenditure. In adult men and women with
moderate levels of body fat (20 to 35 percent), it has been suggested that
the relative proportions of fat-free mass (FFM) and of fat mass are unlikely
to influence energy metabolism at rest or while physically active in ways
other than through their impact on body weight (Durnin, 1996). It is
unlikely that body composition to any important extent affects energy
expenditure at rest or the energy costs of physical activities among adults
with body mass indexes from 18.5 up to 25 kg/m2 (Heymsfield et al.,
2002). In adults with higher percentages of body fat composition,
mechanical hindrances can increase the energy expenditure associated
with certain types of activity.

Effects on Basal and Resting Metabolic Rate

FFM includes the metabolically active compartments of the body, and
the size of the FFM is the major parameter in determining the rate of
energy expenditure under fasting basal metabolic rate (BMR) and resting
metabolic rate (RMR) conditions. The contribution of FFM and FM to the
variability in RMR was examined in a meta-analysis of seven published
studies (Nelson et al., 1992). FFM was the single best predictor of RMR,
accounting for 73 percent of the variability; FM accounted for only an
additional 2 percent. Adjusted for FFM, RMR did not differ between gen-
ders, but it did between lean and obese individuals. In another compila-
tion of studies, the relationship of RMR to FFM was found to be nonlinear
across a wide range of individuals, from infants to adults (Weinsier et al.,
1992). RMR/kg of weight or RMR/kg of FFM falls as mass increases
because the relative contributions made by the most metabolically active
tissues (brain, liver, and heart) decline as body size increases. The decline
in BMR with increasing age is to some extent also the consequence of
changes in the relative size of organs and tissues (Henry, 2000).
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Effects on Total Energy Expenditure

Factors affecting total energy expenditure (TEE) were examined in a
meta-analysis of 13 adult studies (n = 162) (Carpenter et al., 1995). The
relationships between weight and TEE were highly variable across studies
(z = 0.68; r = 0.18–1.0). Differences in RMR accounted for less than 50 per-
cent of the variance in TEE (z = 0.66; r = 0.42–0.89). Adjusted for RMR,
TEE was not affected by FM and was lower in women than men. In a
separate study, Roberts and Dallal (1998) reported a negative relationship
between FM and TEE consistent with the general perception that low physi-
cal activity and fat accumulation are correlated.

Obesity

Another question relevant to the effect of body composition on en-
ergy requirements is whether obese individuals taken as a group have al-
tered energy requirements, either prior to the development of obesity (in

TABLE 5-6 Reference Lengths and Weights for Boys
1 Through 35 Months of Age Based on Median Length
and Median Weight for Age

Length Range 3rd–97th
Age (mo) Median Length (cm [in]) Percentile (cm [in])

1 54.7 (21.5) 50.2–59.6 (19.8–23.5)
2 58.1 (22.9) 53.8–63.1 (21.2–24.8)
3 60.8 (23.9) 56.6–65.9 (22.3–25.9)
4 63.1 (24.8) 58.8–68.3 (23.1–26.9)
5 65.2 (25.7) 60.8–70.4 (23.9–27.7)
6 67.0 (26.4) 62.5–72.3 (24.6–28.5)
7 68.7 (27.0) 64.1–74.1 (25.2–29.2)
8 70.2 (27.6) 65.6–75.7 (25.8–29.8)
9 71.6 (28.2) 66.9–77.2 (26.3–30.4)

10 73.0 (28.7) 68.1–78.7 (26.8–31.0)
11 74.3 (29.3) 69.3–80.0 (27.3–31.5)
12 75.5 (29.7) 70.4–81.3 (27.7–32.0)
15 78.9 (31.1) 73.4–84.9 (28.9–33.4)
18 81.9 (32.2) 76.1–88.1 (30.0–34.7)
21 84.7 (33.3) 78.5–91.1 (30.9–35.9)
24 87.2 (34.3) 80.7–93.8 (31.8–36.9)
27 89.6 (35.3) 82.9–96.5 (32.6–38.0)
30 91.8 (36.1) 85.0–99.0 (33.5–39.0)
33 93.8 (36.9) 87.0–101.3 (34.3–39.9)
35 95.1 (37.4) 88.2–102.7 (34.7–40.4)

SOURCE: Kuczmarski et al. (2000).
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which case they could potentially contribute to weight gain) or following
weight stabilization at a high level. The information relating to the former
issue is conflicting, as cross-sectional studies consistently show that over-
weight and obese individuals have higher absolute values for TEE than
nonobese adults, as the effect of high RMR values associated with increased
body size generally outweighs the influence of low energy expenditure of
physical activity (EEPA) (Platte et al., 1995; Prentice et al., 1996a; Schoeller
and Fjeld, 1991). In extremely obese adults, TEE can be as high as
4,500 kcal/d even when the physical activity level is low (where TEE is only
1.5 × BEE) (Prentice et al., 1996a).

Cross-sectionally, Goran and coworkers (1995a) and Griffiths and
Payne (1976) reported significantly lower resting energy expenditure in
children born to one or both overweight parents when the children were
not themselves overweight. However, others (Davies et al., 1995; Goran et
al., 1994b; Treuth et al., 2000), but not all (Roberts et al., 1988), reported
no mean difference in energy expenditure between children of lean and
overweight parents. While the thermic effect of food (TEF) has not been

Weight Range 3rd–97th
Median Weight (kg [lb]) Percentile (kg [lb])

4.4 (9.7) 3.2–5.6 (7.0–12.3)
5.3 (11.7) 4.0–6.6 (8.8–14.5)
6.0 (13.2) 4.7–7.6 (10.4–16.7)
6.7 (14.8) 5.3–8.4 (11.7–18.5)
7.3 (16.1) 5.8–9.2 (12.8–20.3)
7.9 (17.4) 6.3–9.8 (13.9–21.6)
8.4 (18.5) 6.8–10.5 (15.0–23.1)
8.9 (19.6) 7.2–11.0 (15.9–24.2)
9.3 (20.5) 7.5–11.5 (16.5–25.3)
9.7 (21.4) 7.8–12.0 (17.2–26.4)

10.0 (22.0) 8.1–12.4 (17.8–27.3)
10.3 (22.7) 8.4–12.7 (18.5–28.0)
11.1 (24.4) 9.1–13.7 (20.0–30.2)
11.7 (25.8) 9.6–14.4 (21.1–31.7)
12.2 (26.9) 10.0–15.0 (22.0–33.0)
12.7 (28.0) 10.4–15.6 (22.9–34.4)
13.1 (28.9) 10.7–16.1 (23.6–35.5)
13.5 (29.7) 11.1–16.7 (24.4–36.8)
13.9 (30.6) 11.4–17.3 (25.1–38.1)
14.2 (31.3) 11.6–17.7 (25.6–39.0)
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widely studied in obese children, Tounian and colleagues (1993) reported
no difference in TEF values among obese or overweight and normal-weight
prepubertal children in contrast to the widespread finding of low TEF in
obese adults (Segal et al., 1987, 1990a, 1990b, 1992).

In longitudinal studies of preobese adults and children, low RMR in
apparently susceptible populations (Pima Indians and those infants of over-
weight mothers who themselves gained weight), 24-hour sedentary energy
expenditure or TEE predicted excess weight gain over time in some studies
(Ravussin et al., 1988; Roberts et al., 1988), but not in one other (Goran et
al., 1998c).

There are also some studies that investigated apparently susceptible
children (i.e., born to overweight parents) in whom weight gain was
normal (Davies et al., 1995; Stunkard et al., 1999). In those studies, there
was no relationship between TEE and growth rate, further suggesting that
TEE is within the normal range in individuals who are apparently suscep-
tible to excess weight gain but maintain a normal weight. The combina-

TABLE 5-7 Reference Lengths and Weights for Girls
1 Through 35 Months of Age Based on Median Length
and Median Weight for Age

Length Range 3rd–97th
Age (mo) Median Length (cm [in]) Percentile (cm [in])

1 53.5 (21.1) 49.3–58.2 (19.4–22.9)
2 56.7 (22.3) 52.4–61.3 (20.6–24.1)
3 59.3 (23.3) 54.8–63.9 (21.6–25.2)
4 61.5 (24.2) 56.9–66.1 (22.4–26.0)
5 63.5 (25.0) 58.7–68.1 (23.1–26.8)
6 65.3 (25.7) 60.4–70.0 (23.8–27.6)
7 66.9 (26.3) 61.9–71.7 (24.4–28.2)
8 68.4 (26.9) 63.4–73.4 (25.0–28.9)
9 69.9 (27.5) 64.7–74.9 (25.5–29.5)

10 71.3 (28.1) 65.9–76.4 (25.9–30.1)
11 72.6 (28.6) 67.1–77.8 (26.4–30.6)
12 73.8 (29.1) 68.3–79.1 (26.9–31.1)
15 77.2 (30.4) 71.4–82.8 (28.1–32.6)
18 80.3 (31.6) 74.3–86.2 (29.3–33.9)
21 83.1 (32.7) 76.8–89.3 (30.2–35.2)
24 85.8 (33.8) 79.2–92.3 (31.2–36.3)
27 88.4 (34.8) 81.6–95.2 (32.1–37.5)
30 90.8 (35.7) 83.7–97.9 (33.0–38.5)
33 92.9 (36.6) 85.7–100.2 (33.7–39.4)
35 94.1 (37.0) 86.9–101.6 (34.2–40.0)

SOURCE: Kuczmarski et al. (2000).
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tion of these findings from different studies suggests that low energy
expenditure is a risk factor for weight gain in a subgroup of individuals
susceptible to excess weight gain, but not in all susceptible individuals and
not in individuals with a normal level of risk. As such, these data are consis-
tent with the general view that obesity is a multifactor problem.

The question of whether obese individuals may have decreased energy
requirements after weight loss, a factor that would help explain the com-
mon phenomenon of weight regain following weight loss, has also been
investigated. As reviewed by Saltzman and Roberts (1995), RMR is consis-
tently depressed during active weight loss out of proportion to the loss of
FFM, but controversy exists over whether RMR remains depressed after
weight has stabilized at a lower level. Most of the cross-sectional studies
comparing post-obese with never-obese individuals have reported no
difference between groups, suggesting no long-term effect of weight loss
or susceptibility to depressed RMR in individuals who have been obese
(Larson et al., 1995; Saltzman and Roberts, 1995; Weinsier et al., 2000). In

Weight Range 3rd–97th
Median Weight (kg [lb]) Percentile (kg [lb])

4.2 (9.3) 3.1–5.2 (6.8–11.5)
4.9 (10.8) 3.7–6.1 (8.1–13.4)
5.5 (12.1) 4.3–6.9 (9.5–15.2)
6.1 (13.4) 4.8–7.6 (10.6–16.7)
6.7 (14.8) 5.3–8.3 (11.7–18.3)
7.2 (15.9) 5.7–8.9 (12.6–19.6)
7.7 (17.0) 6.2–9.5 (13.7–20.9)
8.1 (17.8) 6.5–10.0 (14.3–22.0)
8.5 (18.7) 6.9–10.4 (15.2–22.9)
8.9 (19.6) 7.2–10.9 (15.9–24.0)
9.2 (20.3) 7.5–11.3 (16.5–24.9)
9.5 (20.9) 7.8–11.7 (17.2–25.8)

10.3 (22.7) 8.5–12.7 (18.7–28.0)
11.0 (24.2) 9.1–13.5 (20.0–29.7)
11.6 (25.6) 9.6–14.3 (21.1–31.5)
12.1 (26.7) 10.0–15.0 (22.0–33.0)
12.5 (27.5) 10.3–15.5 (22.7–34.1)
13.0 (28.6) 10.7–16.4 (23.6–36.1)
13.4 (29.5) 11.0–17.1 (24.2–37.7)
13.7 (30.2) 11.2–17.6 (24.7–38.8)
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TABLE 5-8 Reference Heights and Weights for Boys 3 Through
18 Years of Age Based on Median Height and Median Weight
for Age

Height Range 3rd–97th
Age (y) Median Height (m [in]) Percentile (m [in])

3 0.95 (37.4) 0.88–1.03 (34.6–40.6)
4 1.02 (40.2) 0.94–1.10 (37.0–43.3)
5 1.09 (42.9) 1.00–1.18 (39.4–46.5)
6 1.15 (45.3) 1.06–1.25 (41.7–49.2)
7 1.22 (48.0) 1.12–1.32 (44.1–52.0)
8 1.28 (50.4) 1.17–1.39 (46.1–54.7)
9 1.34 (52.8) 1.22–1.45 (48.0–57.1)

10 1.39 (54.7) 1.26–1.51 (49.6–59.4)
11 1.44 (56.7) 1.31–1.57 (51.6–61.8)
12 1.49 (58.7) 1.35–1.63 (53.1–64.2)
13 1.56 (61.4) 1.41–1.71 (55.5–67.3)
14 1.64 (64.6) 1.48–1.79 (58.3–70.5)
15 1.70 (66.9) 1.54–1.84 (60.6–72.4)
16 1.74 (68.5) 1.59–1.87 (62.6–73.6)
17 1.75 (68.9) 1.61–1.89 (63.4–74.4)
18 1.76 (69.3) 1.62–1.89 (63.8–74.4)

SOURCE: Kuczmarski et al. (2000).

TABLE 5-9  Reference Heights and Weights for Girls 3 Through
18 Years of Age Based on Median Height and Median Weight
for Age

Height Range 3rd–97th
Age (y) Median Height (m [in]) Percentile (m [in])

3 0.94 (37.0) 0.87–1.01 (34.3–39.8)
4 1.01 (39.8) 0.93–1.09 (36.6–42.9)
5 1.08 (42.5) 0.99–1.17 (39.0–46.1)
6 1.15 (45.3) 1.06–1.25 (41.7–49.2)
7 1.21 (47.6) 1.12–1.32 (44.1–52.0)
8 1.28 (50.4) 1.17–1.39 (46.1–54.7)
9 1.33 (52.4) 1.22–1.45 (48.0–57.1)

10 1.38 (54.3) 1.26–1.51 (49.6–59.4)
11 1.44 (56.7) 1.30–1.58 (51.2–62.2)
12 1.51 (59.4) 1.37–1.65 (53.9–65.0)
13 1.57 (61.8) 1.44–1.70 (56.7–66.9)
14 1.60 (63.0) 1.48–1.73 (58.3–68.1)
15 1.62 (63.8) 1.50–1.74 (59.1–68.5)
16 1.63 (64.2) 1.50–1.75 (59.1–68.9)
17 1.63 (64.2) 1.51–1.75 (59.4–68.9)
18 1.63 (64.2) 1.51–1.75 (59.4–68.9)

SOURCE: Kuczmarski et al. (2000).
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Weight Range 3rd–97th
Median Weight (kg [lb]) Percentile (kg [lb])

14.3 (31.5) 11.8–17.9 (26.0–39.4)
16.2 (35.7) 13.2–20.9 (29.1–46.0)
18.4 (40.5) 14.8–24.3 (32.6–53.5)
20.7 (45.6) 16.4–28.1 (36.1–61.9)
23.1 (50.9) 18.2–32.3 (37.9–67.2)
25.6 (56.4) 20.0–37.2 (44.1–81.9)
28.6 (63.0) 22.0–42.8 (48.5–94.3)
31.9 (70.3) 24.1–49.1 (53.1–108.1)
35.9 (79.1) 26.5–56.0 (58.4–123.3)
40.5 (89.2) 29.3–63.0 (64.5–138.8)
45.6 (100.4) 32.8–70.0 (72.2–154.2)
51.0 (112.3) 36.9–76.7 (81.3–168.9)
56.3 (124.0) 41.3–83.0 (91.0–182.8)
60.9 (134.1) 45.6–88.7 (100.4–195.4)
64.6 (142.3) 49.2–93.6 (108.4–206.2)
67.2 (148.0) 51.6–97.1 (113.7–213.9)

Weight Range 3rd–97th
Median Weight (kg [lb]) Percentile (kg [lb])

13.9 (30.6) 11.3–17.9 (24.9–39.4)
15.8 (34.8) 12.7–21.1 (28.0–46.5)
17.9 (39.4) 14.3–24.8 (31.5–54.6)
20.2 (44.5) 15.9–28.7 (35.0–63.2)
22.8 (50.2) 17.7–33.2 (39.0–73.1)
25.6 (56.4) 19.5–38.3 (43.0–84.4)
29.0 (63.9) 21.5–44.3 (47.4–97.6)
32.9 (72.5) 23.9–51.1 (52.6–112.6)
37.2 (81.9) 26.7–58.4 (58.8–128.6)
41.6 (91.6) 29.9–65.6 (65.9–144.5)
45.8 (100.9) 33.3–72.1 (73.3–158.8)
49.4 (108.8) 36.6–77.5 (80.6–170.7)
52.0 (114.5) 39.5–81.5 (87.0–179.5)
53.9 (118.7) 41.7–84.3 (91.9–185.7)
55.1 (121.4) 43.3–86.1 (95.4–189.6)
56.2 (123.8) 44.2–87.4 (97.4–192.5)
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contrast, most longitudinal studies following individuals over the course of
weight loss and subsequent weight stabilization have observed low RMR
after adjusting for body composition change (Saltzman and Roberts, 1995).
Notable exceptions to the latter conclusion are from studies of Amatruda
and colleagues (1993) and Weinsier and colleagues (2000), which compared
individuals longitudinally over the course of weight loss with a cross-
sectional, never-obese control group. In these studies, there was no signifi-
cant difference in TEE among the groups after adjusting for body compo-
sition. The combination of these data from different types of studies does
not permit any general conclusion at the current time, and further studies
in this area are needed.

Physical Activity

The impact of physical activity on energy expenditure is discussed
briefly here and in more detail in Chapter 12. EEPA is the most variable
component of TEE (Schoeller, 2001). Given that the basal oxygen (O2)
consumption rate of adults is approximately 250 mL/min, and that athletes
such as elite marathon runners can sustain O2 consumption rates of
5,000 mL/min, the scale of metabolic responses to exercise varies over a
20-fold range. The increase in energy expenditure elicited while physical
activities take place accounts for the largest part of the effect of physical
activity on overall energy expenditure, which is the product of the cost of
particular activities and their duration (see Table 12-1 for examples of the
energy cost of typical activities).

Recent studies have focused on using doubly labeled water to quantify
the effects of physical activity on TEE. In cross-sectional studies, there is a
substantial difference in physical activity level (PAL) between long-term
exercising women and sedentary women. For example, Withers and co-
workers (1998) observed a mean PAL value of 2.48 in long-term active
women reporting a mean of 8.6 h/wk of aerobic exercise compared with a
mean PAL value of 1.87 in nonexercisers. Intensive exercise programs
such as those undertaken by subjects training to run a half-marathon and
requiring 8 to 10 h/wk of strenuous exercise can also effect a substantial
15 to 50 percent increase in TEE in both adults and children (Eliakim et
al., 1996; Goran et al., 1994a; Westerterp et al., 1992). However, more
moderate exercise programs are reported to have a much smaller effect,
with two studies (one in children and one in elderly individuals) reporting
no significant increase in TEE (Goran and Poehlman, 1992; Treuth et al.,
1998b). This lack of effect of a moderate increase in planned physical
activity on TEE emphasizes the fact that intentional and spontaneous en-
ergy expenditures are interrelated. In some circumstances an increase in
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one component may be balanced by a decrease in another, so that TEE
remains relatively unaffected.

Effect of Exercise on Postexercise Energy Expenditure

In addition to the immediate energy cost of individual activities, physi-
cal activity also affects energy expenditure in the post-exercise period.
Excess postexercise O2 consumption depends on exercise intensity and
duration as well as other factors, such as environmental temperatures,
state of hydration, and degree of trauma, demonstrable sometimes up to
24 hours after exercise (Bahr et al., 1987; Benedict and Cathcart, 1913;
Bielinski et al., 1985; Gaesser and Brooks, 1984). In one study, residual
effects of exercise could be seen following 15 hours of exercise, but not
after 30 hours (Herring et al., 1992). However, a significant decrease in
RMR over 3 days following cessation of training in athletes has been
observed (Tremblay et al., 1988).

There may also be chronic changes in energy expenditure associated
with regular physical activity as a result of changes in body composition
and alterations in the metabolic rate of muscle tissue, neuroendocrine
status, and changes in spontaneous physical activity associated with altered
levels of fitness (van Baak, 1999; Webber and Macdonald, 2000). However,
the magnitude and direction of change in energy expenditure associated
with these factors remain controversial due to the variable effects of exer-
cise on the coupling of oxidative phosphorylation in mitochondria, on ion
shifts, on substrates, and on other factors (Gaesser and Brooks, 1984).

Since FFM is the major predictor of BMR and RMR, increases in FFM
due to increased physical activity would be expected to increase BMR or
RMR. However, three studies reported no measurable increase in BMR
or RMR with increased physical activity (Bingham et al., 1989; Tremblay
et al., 1990; Treuth et al., 1998b). This may be explained by the fact that
energy expenditure in resting muscle is relatively low, accounting for only
20 to 25 percent of RMR even though muscle constitutes some 75 percent
of the body cell mass (Moore, 1963).

Spontaneous Nonexercise Activity

Spontaneous nonexercise activity has been reported to be quantita-
tively important, accounting for 100 to 700 kcal/d, even in subjects resid-
ing in a whole-body calorimeter chamber (Ravussin et al., 1986). Sitting
without or with fidgeting raises energy expenditure by 4 or 54 percent
respectively, compared to lying supine (Levine et al., 2000), whereas stand-
ing motionless or while fidgeting raised energy expenditure by 13 or 94
percent, respectively. The impact of fidgeting was positively correlated with
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body weight while standing, but not while sitting. (For comparison, walking
at speeds of 2 or 3 mph increases energy expenditure by 150 or 230 per-
cent, respectively.) It is not known to what extent spontaneous nonexercise
activity is affected by intentional physical activity and by its intensity.

Shah and coworkers (1988) reported a 5 percent mean increase in
24-hour TEE with a program of moderate exercise (walking) compared
with a 3 percent increase with an equivalent amount of strenuous aerobic
training. This suggests that the subjects had lower levels of spontaneous
movement after strenuous exercise because they were more tired. In con-
trast, Schulz and coworkers (1991) reported no difference in sedentary
24-hour TEE between aerobically fit and sedentary individuals, and Pacy
and coworkers (1996) showed no differential effect of moderate versus
strenuous activity on 24-hour TEE after accounting for the energy costs of
the exercise itself. On the other hand, Van Etten and colleagues (1997)
showed no significant increase in 24-hour TEE with a standardized exercise
program beyond that immediately associated with the exercise program.
Similarly, Blaak and coworkers (1992) reported no measurable change in
spontaneous physical activity in obese boys enrolled in an exercise-training
program.

The combination of these different results indicates that the effects of
planned physical activity on activity at other times are highly variable
(ranging from overall positive to negative effects on overall energy expen-
diture). This most likely depends on a number of factors, including the
nature of the exercise (strenuous versus moderate), the initial fitness of
the subjects, body composition, and gender.

Gender

There are substantial data on the effects of gender on energy expendi-
ture throughout the lifespan. In adult premenopausal women, the majority
of studies show that RMR, BMR, or sleeping metabolic rate (SMR) is
slightly increased in the luteal phase of the menstrual cycle compared to
the follicular phase (Bisdee et al., 1989; Hessemer and Bruck, 1985; Meijer
et al., 1992; Melanson et al., 1996; Solomon et al., 1982), but two studies
reported no increase in the luteal phase compared to the follicular phase
(Howe et al., 1993; Piers et al., 1995a). However, Howe and colleagues
(1993) reported that both sleeping metabolic rate and sedentary 24-hour
TEE were significantly increased. Twenty-four hour sedentary TEE (mea-
sured in a whole-body calorimeter) was increased in the luteal phase com-
pared to the follicular phase in two studies (Ferraro et al., 1992; Howe et
al., 1993), whereas Bisdee and colleagues (1989) found no significant
change.
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Because of the weight of evidence indicating cyclical changes in BMR
and perhaps also sedentary 24-hour TEE in premenopausal adult women,
studies of 24-hour TEE have necessarily adjusted or averaged for stage of
the menstrual cycle when comparing men and women. In such adjusted
studies, two studies reported lower 24-hour sedentary TEE in women com-
pared to men after adjusting for FFM and FM (Dionne et al., 1999; Ferraro
et al., 1992), while one study reported no significant gender effect in
adjusted data (Klausen et al., 1997).

DLW data show a 16 percent lower TEE in women than men after
controlling for FFM (Carpenter et al., 1998). This was partly accounted for
by lower RMR and partly by other factors (presumably lower EEPA).
Finally, menopause has also been associated with decreased RMR and
EEPA and increased FM in women receiving no hormone replacement
therapy (Poehlman et al., 1995).

Thus, the question of whether the hormonal differences between pre-
menopausal women and men are responsible for the observed differences
in TEE, or whether they are a secondary consequence of differences in
body composition remain uncertain. Although most of the above studies
adjusted data for gender differences in FFM and FM, it was not possible to
adjust for differences in the make-up of FFM (the contribution made by
different tissues and organs). It is recognized that different body tissues
have different metabolic rates, with brain and organ tissues having the
highest values and muscle and adipose tissues having the lowest values
(FAO/WHO/UNU, 1985). Therefore, it is possible that the lower RMR in
women compared to men is due to a different balance of organ and brain
tissue and skeletal muscle, rather than lower energy expenditure per unit
of individual tissues. Further studies are needed to address this issue.

Two of three studies investigating differences in prepubertal children
reported that girls have lower values for REE than boys when adjusted for
differences in body composition (Goran et al., 1994b, 1995b). The one
study that reported no gender effect on REE in prepubertal children
(Grund et al., 2000) used imprecise methods for assessing body composi-
tion. A separate longitudinal study (Goran et al., 1998a) reported a fall-off
in TEE prior to puberty in girls but not boys.

Because commonly used BMR equations are based on body weight
(Henry, 2000; WN Schofield, 1985), differences in BMR between genders
are due both to the greater level of body fatness in women and to dif-
ferences in the RMR–FFM relationship. These differences are ultimately
reflected by lower numerical coefficients for height and weight in women
compared with men in various equations to predict basal energy expendi-
ture (BEE), or for weight and height when both variables are considered
to predict BEE and TEE.
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Growth

In infants and children, the energy requirement includes the energy
associated with the deposition of tissues at rates consistent with good
health. Although the energy requirement for growth relative to mainte-
nance is low, except for the first months of life, satisfactory growth is a
sensitive indicator of whether energy needs are being met. The energy
cost of growth as a percentage of total energy requirements decreases
from around 35 percent at 1 month to 3 percent at 12 months of age, and
remains low until the pubertal growth spurt, at which time it increases to
about 4 percent (Butte, 2000).

Growth is most impressive during infancy. Infants double their birth
weight by 6 months of age, and triple it by 12 months (Butte et al., 2000a).
At birth, the newborn is about 11 percent body fat. Progressive fat deposi-
tion in the early months results in a peak in the percentage body weight
that is fat at 3 to 6 months (about 31 percent) and body fatness sub-
sequently declines to an average of 27 percent at 12 months (Butte et al.,
2000a). During infancy and childhood, girls grow slightly slower than boys,
and girls have slightly more body fat (Butte et al., 2000a). During adoles-
cence the gender differences in body composition are accentuated (Ellis,
1997; Ellis et al., 1997; Forbes, 1987; Tanner, 1955). Adolescence in boys is
characterized by rapid acquisition of FFM and a modest increase in FM in
early puberty, followed by a decline. FFM accretion coincides with the
rapid spurt in height, though height gain may also continue until 20 to 25
years of age. Adolescence in girls is characterized by a modest increase in
FFM and a continual accumulation of FM. The pubertal increase in FFM
ceases at about 18 years, following the decrease in the rate of height gain
after menarche (Forbes, 1987; Tanner, 1955).

Growth velocity is a sensitive indicator of energy status and use of
growth velocity charts will detect growth faltering earlier than detected
using attained growth charts. There is a wide range of variation in the
growth rate of infants and children. Growth occurs in spurts, even in
healthy children. Problems with measurement precision and high variabil-
ity in individual growth rates over short time periods complicate the inter-
pretation of growth velocity data. The timing of the adolescent growth
spurt, which typically lasts 2 to 3 years, is also very variable, with the onset
typically between 10 and 13 years of age in the majority of children (Forbes,
1987; Tanner, 1955). In general, weight velocity reflects acute episodes of
dietary intake, whereas length velocity is affected by chronic factors.
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Older Age

All three major components of energy expenditure decrease with aging:
RMR, TEF, and EEPA. There is an average decline in BMR of 1 to 2 per-
cent per decade in men who maintain constant weight (Keys et al., 1973).
The suggested breakpoint for a more rapid decline apparently occurs
around 40 years of age in men and 50 years of age in women (Poehlman,
1992, 1993). For women, this may be due to an accelerated loss of FFM
during menopause (Svendsen et al., 1995).

In addition to the loss of FFM being a cause of age-associated decline
in RMR, several (Fukagawa et al., 1990; Klausen et al., 1997; Pannemans
and Westerterp, 1995; Poehlman et al., 1991; Roberts et al., 1995; Vaughan
et al., 1991; Visser et al., 1995), though not all (Tzankoff and Norris, 1977),
studies suggest that RMR adjusted for the change in FFM is decreased by
about 5 percent in older adults compared to younger adults. However, in
individuals who gain significant amounts of weight as they get older, RMR
may actually increase due to gains of FM and FFM.

There is evidence suggesting that the RMR response to changes in
energy balance may be attenuated in old versus young adults (Roberts and
Dallal, 1998). The primary connection between RMR changes with age
and FFM is also emphasized by research showing that endurance training
(which increases FFM) increases RMR in elders (Poehlman and Danforth,
1991).

Concerning TEF, some studies report a decrease with aging (Golay et
al., 1982; Morgan and York, 1983; Schutz et al., 1984; Schwartz et al., 1990;
Thorne and Wahren, 1990), while other studies report no change or a
nonsignificant increase (Bloesch et al., 1988; Fukagawa et al., 1991;
Melanson et al., 1998; Poehlman et al., 1991; Tuttle et al., 1953; Visser et
al., 1995). Although this controversy cannot currently be resolved, a sug-
gested explanation is that TEF does not decline with aging per se, but that
some studies may have included subjects with factors that decrease TEF
independent of aging, such as obesity and digestive problems that limit
nutrient absorption (Melanson et al., 1998).

PAL has been shown to decrease progressively with age and is lower in
elderly adults compared to young adults (Roberts et al., 1992). Twenty-
four-hour sedentary TEE measured in a whole-body calorimeter is also
lower in elderly subjects compared with young adults (Vaughan et al.,
1991). However, in whole body calorimeter protocols in which sedentary
activity protocols were standardized, TEE did not differ between young
and old adults (Pannemans et al., 1995).

The apparent decline in EEPA is consistent with the reported decreased
frequency of strenuous physical activities in elderly men (Roberts, 1996).
In addition, the decrease in TEE with age closely parallels the increase in
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FM (Roberts and Dallal, 1998). However, the extent to which the increase
in FM with age is a consequence or a cause of the age-related decrease in
EEPA is not known. In relation to this observation, it should be noted that
some elderly individuals clearly are able to maintain very high levels of
TEE; Withers and coworkers (1998) report PAL values of 2.48 among older
women with routine exercise habits compared to 1.87 in nonexercising
women. However, mean maximal oxygen consumption declines 0.70 to
1 percent/y after age 35 in both sedentary adults and active adults
(Suominen et al., 1977). Further studies are needed to determine the
extent to which EEPA can be maintained in older adults in the general
population.

Genetics

Energy requirements vary substantially between individuals due to
combinations of differences in body size and composition, differences in
RMR independent of body composition, differences in TEF, and differ-
ences in physical activity and in EEPA. All of these determinants of energy
requirements are potentially influenced by genetic inheritance, with trans-
missible and nontransmissible cultural factors contributing to variability as
well. Currently there is insufficient research data to predict differences in
energy requirements among specific genetic groups, but as data accumu-
late this may become possible.

The effects of genetic inheritance on body composition are well known,
with most studies reporting that 25 to 50 percent of interindividual vari-
ability in body composition can be attributed to genetic factors (Bouchard
and Perusse, 1993). Because FFM and FM are major determinants of both
RMR and TEE (Roberts and Dallal, 1998), these genetic influences on
FFM and FM must be expected to influence energy requirements.

In addition to genetic influences on energy requirements mediated by
genetic influences on body composition, there also appear to be genetic
influences on TEE independent of body composition. Bogardus and co-
workers (1986) reported a significant familial (intra-family) influence on
RMR independent of FFM, age, and gender. Although the origin of this
familial association is not currently known, it may potentially be due to
differences in the relative sizes of FFM components (e.g., muscle, brain,
organs) because recent work has suggested that organ size determined by
magnetic resonance imaging strongly predicts RMR (Illner et al., 2000). In
addition, Bouchard and coworkers (1989) reported that about 40 percent
or more of the variances in RMR, TEF, and the energy costs of low-to-
moderate intensity exercise are explained by inherited characteristics. The
same group also reported that there is a genetic component to the weight-
gain response to 1,000 kcal/d of overfeeding (Bouchard et al., 1990).
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The question of which specific genes underlie genetic differences in
TEE components is starting to be addressed, but few data are yet available.
Valve and coworkers (1998) reported that polymorphisms within the UCP1
gene had no effect on BMR, but a combination of polymorphisms in the
UCP1 and β3-adrenergic receptor genes were associated with a significant
79 kcal/d decrease in BEE. Klannemark and coworkers (1998) reported
no association between polymorphisms in the UCP2 gene and BMR, while
Astrup and coworkers (1999) reported significant associations of these
polymorphisms with TEE determined in a whole-body calorimeter and
adjusted for FFM.

The study of Astrup and coworkers (1999) suggesting an association of
specific gene polymorphisms with sedentary TEE is also consistent with
the work of Heitmann and coworkers (1997) suggesting genetic influences
on voluntary physical activity. Since EEPA is the major variable component
of TEE, it is likely that genetic influences on EEPA may contribute sub-
stantially to intra-individual variability in TEE. Further work in this area is
needed.

Ethnicity

African Americans and Caucasians

Most (Albu et al., 1997; Carpenter et al., 1998; Forman et al., 1998;
Foster et al., 1997, 1999; Jakicic and Wing, 1998; Weyer et al., 1999a), but
not all (Kushner et al., 1995; Nicklas et al., 1997), studies comparing
RMR, BMR, or SMR between African-American and Caucasian adults have
reported that RMR or SMR, adjusted for differences in body composition,
are significantly lower in African Americans by about 10 percent. Foster
and colleagues (1999) reported that the decrease in RMR with weight loss
(adjusted for body composition change) is greater in African-American
women than in Caucasian women, with weight loss of the African-
American women in that study less than that of the Caucasian women.
Similarly, the majority of studies reported lower RMR or BMR adjusted
for body composition in African-American children than in Caucasian
children (Kaplan et al., 1996; Morrison et al., 1996; Treuth et al., 2000;
Wong et al., 1999; Yanovski et al., 1997); only one study found no differ-
ence between groups (Sun et al., 1998).

In addition, free-living EEPA, measured using the DLW method, appears
to be lower in African-American compared to Caucasian individuals by
about 10 to 20 percent (Carpenter et al., 1998; Kushner et al., 1995).
These studies are consistent with the reports of lower levels of reported
physical activity in African-American versus Caucasian adults (Washburn
et al., 1992) and also lower maximal oxygen consumption (Vo2max)
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(Hunter et al., 2000). However, 24-hour sedentary TEE measured by whole-
body calorimetry was not significantly different between African-American
and Caucasian groups (Weyer et al., 1999a).

In children, EEPA adjusted for body composition was reported to be
lower in African Americans than Caucasians (Wong et al., 1999). This
finding is consistent with another study (Trowbridge et al., 1997) showing
a 15 percent lower Vo2max in African-American compared with Caucasian
children. However, another DLW study observed no significant difference
in TEE or EEPA between African-American and Caucasian children (Sun
et al., 1998). Further studies in this area are needed.

The combination of data from these studies in adults and children
indicate that BMR is usually lower in African Americans compared to
Caucasians. Currently, insufficient data exist to create prediction equa-
tions for BMRs in African-American adults that would be accurate for both
males and females throughout the life stages. In this report, therefore, the
general prediction equations are used for all races, recognizing their potential
to overestimate BMR in some groups such as African Americans.

Other Ethnic Groups

In addition to African Americans and Caucasians, other ethnic groups
have been investigated for potential differences in energy requirements.
In Pima Indians, an ethnic group widely considered to have a form of
genetic obesity, RMR or SMR is not different from RMR or SMR in Caucasians
after adjustment for body composition (Fontvieille et al., 1992; Weyer et
al., 1999b). Similarly, physical activity levels were not different between
Pima Indian and Caucasian children (Salbe et al., 1997), although the
same group observed that spontaneous physical activity is a familial trait
(Zurlo et al., 1992). Mohawk Indian children were reported to have higher
values for TEE than Caucasian children, due to high levels of EEPA (Goran
et al., 1995b). Thus, there are currently insufficient data to define specific
differences in energy requirements between different racial groups and
more research is needed in this area.

Environment

Climate

In the United States and Canada, indoor temperatures are typically
controlled to remain within the 20°C to 25°C (68°F to 77°F) range during
winter, and are frequently maintained to within a similar range in summer
(EPA, 1991). In addition, most individuals intentionally create a relatively
consistent temperature microenvironment for themselves by using more
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insulating clothing in cold weather and cooler clothes in hot weather. The
question of whether normal variations in ambient temperature influence
energy requirements is therefore complex.

Potential effects of ambient temperature on energy requirements
include the postprandial and postabsorptive metabolic rate (which would
also include energy expenditure for shivering and nonshivering thermo-
genesis), the amount and types of voluntary and required physical activity,
and EEPA. Ambient temperature effects are probably only significant when
there is prolonged exposure to substantial cold or heat. The energy cost of
work was judged to be 5 percent greater in a cold environment as com-
pared to a warm environment (Consolazio et al., 1963). There can also be
an additional energy cost (2 to 5 percent) of both the increased weight of
clothing worn and the hobbling effect of that clothing in cold weather
compared with clothing worn in warm weather (Consolazio et al., 1963).
In addition, temperatures low enough to induce shivering or increased
muscular activity will increase energy needs because of the increase in
mechanical work (Timmons et al., 1985). More recent work also suggests
that the recognized increase in energy expenditure in markedly cold cli-
mates may be greater in physically active individuals than in sedentary
ones (Armstrong, 1998).

High ambient temperatures may also increase energy requirements.
There is an increase in the energy expenditure of standard tasks when
ambient temperatures are very high (Consolazio et al., 1963). However,
this increase in energy expenditure may be attenuated by continued expo-
sure. Garby and colleagues (1990) reported that the extra energy expendi-
ture for 2 hours of light activity at 34°C fell progressively a total of 3 to
8 percent with acclimatization over 8 days of the study compared with
activity at 20°C to 24°C.

Relative to high-normal ambient temperatures (26°C to 28°C), low-
normal ambient temperatures (20°C to 22°C) were associated with
increased sedentary TEE values in lean female subjects (Blaza and Garrow,
1983; Dauncey, 1981). More recent studies have reported a significant
effect of variations in ambient temperature within the usual range on
energy requirements. Lean and colleagues (1988) reported a 4 percent
increase in the sleeping metabolic rate of women at an ambient tempera-
ture of 22°C compared with 28°C. Warwick and Busby (1990) reported a
5 percent increase in sedentary TEE at 20°C in men and women wearing
clothing of their own choice and performing a standardized pattern of
physical activity compared with similar activity at 28°C. Buemann and co-
workers (1992) reported a significant 2 percent increase in TEE at 16°C
compared with 24°C (with no difference in response seen between post-
obese and normal women). Men showed a significant increase in sedentary
TEE at the lowest (20°C) and highest (30°C) temperatures studied com-
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pared to temperatures in the middle range (23°C and 26°C) (Valencia et
al., 1992). This study also confirmed earlier findings (Nielsen, 1987) that
humidity did not significantly affect RMR. These data consistently suggest
that low-normal temperatures (20°C to 22°C) and high-normal tempera-
tures (28°C to 30°C) are associated with an increase in sedentary TEE of 2
to 5 percent compared to temperatures of 24°C to 27°C. This conclusion is
also consistent with the report of Lanzola and colleagues (1990) that skin
temperature closely predicts BMR in normal individuals.

A summary of changes in BMR among individuals migrating between
the tropic and temperate climates has demonstrated that changes in ambi-
ent temperature do not produce a long-term change in metabolic rate
(Hayter and Henry, 1993). Instead, the effect of ambient temperature
appears to be confined to the period of time during which the ambient
temperature is altered. Nevertheless, the energy expenditure response to
cold temperatures may be enhanced with previous acclimatization by pro-
longed exposure to a cool environment (Kashiwazaki et al., 1990).

The question of whether there are gender differences in the apparent
increase in sedentary TEE at low-normal ambient temperatures compared
to high-normal temperatures remains uncertain. In a re-analysis of the
data of Warwick and Busby (1990), Murgatroyd and coworkers (1990)
reported that the increase in sedentary TEE was only statistically signifi-
cant in women, raising the question of whether women may be more
responsive to low-normal ambient temperatures than men. Since most of
the recent data has been collected in women, further research in this area
is needed.

In addition to the effects of normal variations in ambient temperature
on sedentary TEE, there may also be season-related influences on the
amount of voluntary physical activity and EEPA, but these potential effects
are less well defined. Burstein and coworkers (1996) reported a nonsignifi-
cant increase in TEE in soldiers participating in an intense exercise regi-
men in winter compared to summer. There was also no significant differ-
ence in season-related values for physical activity in free-living adult Dutch
women, but in contrast to the values reported above for soldiers, the values
tended to be higher in summer than in winter (van Staveren et al., 1986).
However, unlike these nonsignificant effects of season and temperature
on TEE in adults, children were reported to have significantly greater TEE
in the spring than in the fall (Bitar et al., 1999; Goran et al. 1998b).

The combination of these results indicates that there is a modest 2 to
5 percent increase in sedentary TEE at low-normal ambient temperatures
compared to high-normal ambient temperatures. However, it is not pos-
sible to generalize these results to seasonal effects on TEE because of the
potentially important and variable impact of seasonal changes in physical
activity that are likely dependent on local temperature fluctuations and
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cultural factors. For this reason, no specific allowance is made for ambient
temperature in the requirements for energy. It should also be noted that
the TEE values used to predict the energy requirements of different groups
were made throughout the year, and can be considered values averaged
for the ambient temperatures of the different seasons.

Altitude

Hypoxia increases glucose utilization whether measurements are made
on isolated muscle tissue (Cartee et al., 1991), tissues in situ (Zinker et al.,
1995), or intact functioning individuals (Brooks et al., 1991, 1992). The
hypobaric hypoxia of high altitude increases BMR and TEE but it is unclear
at which heights the effect becomes prominent. A study on men at 4,300 m
(14,100 ft) found an increase in BMR of about 200 to 500 kcal/d when
energy intakes were maintained (Butterfield et al., 1992). However, in a
subsequent study on women, the effect of altitude on raising BMR and
TEE was less prominent (Mawson et al., 2000).

Adaptation and Accommodation

There are two key differences between nutritional adaptation and
accommodation (Waterlow, 1999). First, while adaptation implies mainte-
nance of essentially unchanged functional capacity in spite of some alter-
ation in steady-state conditions, accommodation allows maintenance of
adequate functional capacity under altered steady-state conditions. Second,
whereas accommodation involves relatively short-term adjustments, such as
the responses needed to maintain homeostasis, adaptation involves changes
in body composition that occur over a more extended period of time.

Adaptation

The term adaptation describes the normal physiological responses of
humans to different environmental conditions. A good example of adapta-
tion is the increase in hemoglobin concentration that occurs when indi-
viduals live at high altitudes (Leon-Velarde et al., 2000).

Energy balance is regulated by a complex set of feedback mechanisms.
Changes in energy intake or in energy expenditure trigger metabolic and
behavioral responses aimed at restoring energy balance in adults. These
responses involve the endocrine system, the central nervous system, and
the body energy stores. When effective, these regulatory mechanisms result
in the maintenance of a stable body weight (Jequier and Tappy, 1999).

The estimation of energy requirements from energy expenditure
implicitly assumes that the efficiency of energy utilization is more or less
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uniform across all individuals. Otherwise, individuals with higher efficiency
would require less energy for equal energy expenditure than persons with
lower efficiency. The experimental data supports the notion that differ-
ences in efficiency of energy utilization among healthy individuals living
under similar conditions fluctuate within a narrow range (James et al.,
1990; Waterlow et al., 1989).

Body weight can be remarkably stable in many healthy adults, demon-
strating the human potential for maintaining energy balance and stable
body composition in spite of conditions that have promoted the recent
secular trends in increasing body weights. Maintenance of stable body
weight and composition are affected by genetic factors, energy intake, and
diet composition, as well as by other environmental factors (Hill and
Peters, 1998). Environmental conditions favoring high energy consump-
tion and low physical activity can overwhelm these mechanisms and lead
to positive energy balance, resulting in body fat accumulation and weight
gain until another state of weight maintenance becomes established. Thus,
weight gain and obesity can be seen as a form of adaptation that brings
about a new steady state (Astrup et al., 1994).

Adaptation has been defined as “a process by which a new or different
steady state is reached in response to a change or difference in the intake
of food and nutrients” (FAO/WHO/UNU, 1985). A more practical defini-
tion, applied to the study of energy requirements, would be the ability to
compensate for changes in energy (energy intake, expenditure, or bal-
ance) without any discernible detriment to health.

Although the concept applies both to increases and decreases in
energy intake or energy expenditure, a focus of controversy has been its
application to the definition of energy needs in poor areas of the world. In
studies that specifically attempted to assess whether some adaptive mecha-
nism may permit those populations to subsist with lower than predicted
energy intakes, no reduction in weight-adjusted basal metabolic rates could
be detected (Soares et al., 1991).

Studies by numerous investigators (Minghelli et al., 1990; Ravussin et
al., 1988; Weinsier et al., 1998; Weyer et al., 1999a, 1999b) tend to confirm
the limited capacity of homeostasis to prevent or attenuate the impact of
changes in energy intake on weight gain or weight loss without discernible
impact on activity. Thus, a reduction in BEE or REE is generally associated
with reduced body weight (Minghelli et al., 1990). Reports on the ethnic
and gender differences in energy efficiency have yielded conflicting results,
but the overall contributions such differences can make toward the main-
tenance of energy balance appears to be small (Soares et al., 1998; Weyer
et al., 1999a, 1999b). The TEF component of the energy balance equation
accounts for only a small fraction of TEE and does not appear to vary
adaptively in relationship to changes in energy balance. Thus, mainte-
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nance of energy balance is largely dependent on adjustments in food
intake and physical activity.

Some studies suggest a capacity for TEE to increase or decrease spon-
taneously when energy intake increases or decreases (Levine et al., 1999;
Roberts et al., 1990). However, most overfeeding studies show that over-
eating is accompanied by substantial weight gain, and likewise reduced
energy intake induces weight loss (Saltzman and Roberts, 1995). Thus,
although there is some adaptive capacity of TEE to adjust to changes in
dietary energy intake, the extent of this adjustment (other than what can
be attributed to change in body size) is much too small to offset the impact
observed by changes in energy intake. Body weight is a direct indicator of
the relationship between food intake or availability and TEE.

Accommodation

The term accommodation was proposed to characterize an adaptive
response that allows survival but results in some more or less serious conse-
quences on health or physiological function. The most common example
is a decrease in growth velocity in children. By reducing growth rate, chil-
dren are able to save energy and may subsist for prolonged periods of time
on marginal energy intakes, though at the cost of eventually becoming
stunted. Another common example of accommodation is a reduction in
physical activity. This can result in reduced productivity of physical work
or in decreased leisure physical activity, which in children is important for
behavioral and mental development (Twisk, 2001).

APPROACH USED TO DETERMINE TOTAL
ENERGY EXPENDITURE

Based on the preceding review of possible approaches to estimating
energy requirements, direct measurement of total energy expenditure
(TEE) by the doubly labeled water (DLW) method represents a distinct
advantage over previous TEE evaluations that had to rely on the factorial
approach and/or on food intake data, both of which have limited reliability.

Description of the Doubly Labeled Water Database

Total energy expenditure data obtained by the DLW method were
solicited for this report from investigators identified in the literature. Over
20 investigators responded and submitted individual TEE and ancillary
data including age, gender, height, weight, basal energy expenditure
(BEE) (observed or estimated), and descriptors for each individual in the
data set (see Appendix I; also available at www.iom.edu/fnb). A normative
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DLW database was created based on the inclusion/exclusion criteria
described below.

Since the DLW data were not obtained in randomly selected indi-
viduals (except in the recent study of Bratteby and coworkers [1997]),
they do not therefore constitute a representative sample of the popula-
tions of the United States and Canada. However, the measurements were
obtained from men, women, and children whose ages, body weight, height,
and physical activities varied over wide ranges, so they provide an appro-
priate base to estimate energy expenditures and requirements at different
life stages in relation to gender, body weight, height, age, and for different
activity estimations. A few age groups are underrepresented in the data set
and interpolations had to be performed in these cases. Thus, while the
available DLW data set used is not entirely satisfactory, it nevertheless offers
the best currently available information. This data set, used to estimate the
current energy recommendations, can be used to refine other existing
communicated recommendations or guidelines developed by other orga-
nizations and agencies.

Inclusion/Exclusion Criteria

Normative Database. To arrive at estimates of TEE, the normative DLW
database, as summarized in Table 5-10, included infants and very young
children (0 through 2 years of age) within the 3rd to 97th percentile for
weight-for-height (Kuczmarski et al., 2000) (Appendix Table I-1), children
(3 through 18 years of age) within the 5th to 85th percentile for body mass
index (BMI) (Kuczmarski et al., 2000) (Appendix Table I-2), and adults
(19 years of age and older) with BMI from 18.5 up to 25 kg/m2 (Appendix
Table I-3). Subjects were required to be healthy, free-living, maintaining
their body weight, and with measured heights and weights. Exclusion crite-
ria included undernutrition, acute and chronic diseases, underfeeding and
overfeeding protocols, and lifestyles involving uncommonly high levels of
physical activity (e.g., elite athletes, astronauts, military trainees, and those
with a physical activity level [PAL] greater than 2.5). A subset of DLW data
was formulated for pregnant (Appendix Table I-4) and lactating (Appen-
dix Table I-5) women meeting the inclusion/exclusion criteria prior to
pregnancy.

There are 407 adults in the normative database (Appendix Table I-3),
169 men and 238 women. Among the men whose ethnicity was reported,
there are 33 Caucasians, 7 African Americans, and 2 Asians, and among
the women there are 94 Caucasians, 13 African Americans, 3 Asians, and
3 Hispanics. The majority of the adult data come from studies that were
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conducted in the United States or the Netherlands, with the remainder
from studies done in the United Kingdom, Australia, and Sweden. For the
100 adults for whom data were provided on occupation, the most com-
monly reported types of occupations were offices workers, followed by
teachers and students, scientists, medical workers, active occupations (e.g.,
aerobics instructor, police officer, physical therapist, dog trainer), home-
makers, artists, and the unemployed.

The database for normal-weight children (n = 525) (Appendix Table
I-2) includes 167 boys (73 Caucasians, 13 African Americans, 4 Hispanics,
and 62 American Indians) and 358 girls (197 Caucasians 58 African Ameri-
cans, 20 Hispanics, 10 Asians, and 60 American Indians); ethnicity was not
provided for 15 boys and 13 girls. All data on children were collected in
the United States.

Overweight and Obese Database. DLW databases of overweight and obese
children and adults were also developed and are summarized in Table 5-11.
Children (3 through 18 years of age) above the 85th percentile for BMI
(Kuczmarski et al., 2000) (Appendix Table I-6) and adults (19 years of age
and older) with BMIs from 25 kg/m2 and higher (Appendix Table I-7)
were included in the database. Subjects were required to be free-living.
Diet and exercise intervention studies were excluded. There were insuffi-
cient data to address pregnancy and lactation in overweight and obese
women.

The database for overweight and obese adults contains information
on 360 individuals—165 men and 195 women (Appendix Table I-7).
Among the men whose ethnicity was reported, there are 22 Caucasians
and 21 African Americans; among the women there are 51 Caucasians,
34 African Americans, and 5 Hispanics. The majority of the data come
from studies conducted in the United States and the Netherlands; the rest
are from studies conducted in the United Kingdom, Sweden, and Australia.
Occupations were not provided for 326 individuals. For those 34 indi-
viduals for whom an occupation was given, the most common types were
office workers, followed by medical personnel, homemakers, active occu-
pations (e.g., firefighter, fitness instructors), teachers and students,
researchers, and artists.

The database for overweight and obese children (n = 319) (Appendix
Table I-6) includes 127 boys (33 Caucasian, 20 African-American, 2 His-
panic, and 71 American Indian) and 192 girls (63 Caucasian, 48 African-
American, 6 Hispanic, 68 American Indian, and 1 Asian; ethnicity was not
provided for 1 boy and 6 girls. All data were collected in the United States.
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Data Analysis and Assumptions Made for the Total Energy
Expenditure Equations

For the normative DLW database, prediction equations of TEE from
age, gender, height, and weight were developed. The validity of these equa-
tions to predict TEE rest on three general assumptions: that the database
represents the phenomena of interest, that the model describes the physi-
ological phenomena of the data, and that the fitted equations accurately
describe the data. As in any realistic statistical modeling activity, the balance
is between fitting the data and fitting the phenomena, while making opti-
mal use of the available data.

The available data were reviewed and analyzed and it is assumed that
they are representative of the phenomena of interest—the energy metabo-

TABLE 5-10 Doubly Labeled Water Databases for All
Individuals with a Body Mass Index (BMI) in the Range from
18.5 up to 25 kg/m2a

Mean
Mean Weight Height

Age (y) n (kg [lb]) (m [in])

0–0.5 116 6.9 (15) 0.64 (25)
0.6–1.0 72 9.0 (20) 0.72 (28)
1–2 132 11.0 (24) 0.82 (32)
Males

3–8 129 20.4 (45) 1.15 (45)
9–13 28 35.8 (79) 1.44 (57)

14–18 10 58.8 (130) 1.70 (67)
19–30 48 71.0 (156) 1.80 (71)
31–50 59 71.4 (157) 1.78 (70)
51–70 24 70.0 (154) 1.74 (69)
71+ 38 68.9 (152) 1.74 (69)

Females
3–8 227 22.9 (50) 1.20 (47)
9–13 89 36.4 (80) 1.44 (57)

14–18 42 54.1 (119) 1.63 (64)
19–30 82 59.3 (131) 1.66 (65)
31–50 61 58.6 (129) 1.64 (65)
51–70 71 59.1 (130) 1.63 (63)
71+ 24 54.8 (121) 1.58 (62)

a Summary of data in Appendix Tables I-1 through I-5.
b For adults (19 years of age and over), the observed BEE was used to calculate the
mean BEE. BEE and physical activity level were not used for infants. For children, BEE
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lism of healthy individuals over the normal range of age, height, weight,
and energy expenditure. The analyses were restricted to include individuals
within the specific ranges of body sizes and excluded individuals who were
identified as being full-time in physical training.

An additive model was chosen as the default, with the relative contri-
butions of height and weight kept constant for each gender. Because of
the difficulty of estimating physical activity in the field, a four-level ordinal
variable was generated, estimated from PAL data and used in the model to
modify the total height and weight contribution to TEE. Various transfor-
mations of the data and the inclusion of multiplicative terms were
explored, but none significantly improved how well the model described
the data.

was predicted based on the following equations (see “TEE Equations for Normal-Weight
Children”):

Boys: BEE (kcal/d) = 68 – 43.3 × age (y) + 712 × height (m) + 19.2 × weight (kg).
Girls: BEE (kcal/d) = 189 – 17.6 × age (y) + 625 × height (m) + 7.9 × weight (kg).

Mean Basal Mean Total
Energy Energy

Mean Body Expenditure Expenditure Mean Physical
Mass Index (BEE) (TEE) Activity Level
(kg/m2) (kcal/d)b (kcal/d) (TEE/BEE)

16.9 — 501 —
17.2 — 713 —
16.2 — 869 —

15.4 1,035 1,441 1.39
17.2 1,320 2,079 1.56
20.4 1,729 3,116 1.80
22.0 1,769 3,081 1.74
22.6 1,675 3,021 1.81
23.0 1,524 2,469 1.63
22.8 1,480 2,238 1.52

15.6 1,004 1,487 1.48
17.4 1,186 1,907 1.60
20.4 1,361 2,302 1.69
21.4 1,361 2,436 1.80
21.6 1,322 2,404 1.83
22.2 1,226 2,066 1.70
21.8 1,183 1,564 1.33
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Finally, although the equations are essentially linear (within each PAL),
a nonlinear regression procedure was used, with a least squares loss func-
tion. During the exploratory phase, evaluations of alternative models were
based on the magnitude of residual error and examination of residual
plots. These residual plots showed that while errors are not constant over
the whole range of the variables, there is no simple pattern. As noted
above, various transformations of the dependent variable (TEE) were
explored, and in light of these results it was decided that assuming a least
squares loss function did not lead to serious bias in the fitted models, and
that the effect on error estimates was not important given the large amount
of unexplained variability in the data. Since nonlinear regression is an
iterative approach, the influence of varying the starting point was investi-
gated and was found not to be a problem. The standard errors of the
coefficients were estimated asymptotically; for a sample of the fits esti-
mates were determined by jackknife techniques; these were found not to
change the conclusions.

TABLE 5-11 Doubly Labeled Water Database for Overweight
and Obese Males and Femalesa

Mean
Mean Weight Height

Age (y) n (kg [lb]) (m [in])

Males
3–8 91 28.6 (63) 1.19 (46)
9–13 36 54.7 (120) 1.46 (57)

14–18 — — —
19–30 11 98.5 (217) 1.82 (72)
31–50 68 98.3 (217) 1.78 (70)
51–70 54 90.4 (199) 1.75 (69)
71+ 32 82.3 (181) 1.72 (68)

Females
3–8 123 30.5 (67) 1.22 (48)
9–13 56 55.8 (123) 1.50 (59)

14–18 13 73.9 (163) 1.64 (65)
19–30 37 82.3 (181) 1.66 (65)
31–50 51 88.3 (194) 1.66 (65)
51–70 79 79.7 (176) 1.62 (64)
71+ 28 69.0 (152) 1.58 (62)

a Summary of data in Appendix Tables I-6 and I-7.
b For adults (ages 19 and over), the observed BEE was used to calculate the mean BEE.
For children, BEE was predicted based on the following equations (see “Estimation of
Energy Expenditure in Overweight Children Ages 3 through 18 Years”):
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Examination of the normative DLW database showed an initial
increase of TEE with age until a plateau from age 20 to 45 in women,
followed by a decline (Figure 5-6). Men peaked around 35 years of age,
and then declined (Figure 5-6). Increased TEE is related to greater heights
(Figure 5-7) and weights (Figure 5-8). For adults, TEE was independent of
BMI when the analysis was adjusted for height. Analyses indicated that the
best predictions for TEE were obtained by fitting all the data separately for
adults (ages 19 years and older), children and adolescents (ages 3 through
18 years), and young children (ages 0 through 2 years).

Gender-specific equations were found to be unnecessary in children
less than 3 years of age. All data were entered into and analyzed with SPSS,
version 10.0.

Physical Activity Level Categories

The PAL categories were defined as sedentary (PAL ≥ 1.0 < 1.4), low
active (PAL ≥ 1.4 < 1.6), active (PAL ≥ 1.6 < 1.9), and very active (PAL ≥

Boys: BEE (kcal/d) = 419.9 – 33.5 × age (y) + 418.9 × height (m) + 16.7 × weight (kg).
Girls: BEE (kcal/d) = 515.8 – 26.8 × age (y) + 347 × height (m) + 12.4 × weight (kg).

Mean Basal Mean Total
Energy Energy

Mean Body Expenditure Expenditure Mean Physical
Mass Index (BEE) (TEE) Activity Level
(kg/m2) (kcal/d)b (kcal/d) (TEE/BEE)

19.8 1,210 1,728 1.42
25.4 1,612 2,451 1.52
— — — —
29.6 1,970 3,599 1.85
30.8 1,955 3,598 1.85
29.6 1,722 2,946 1.72
27.8 1,667 2,510 1.52

20.3 1,149 1,669 1.45
24.7 1,443 2,346 1.63
27.6 1,596 2,798 1.75
29.8 1,524 2,677 1.77
31.9 1,629 2,895 1.79
30.4 1,380 2,176 1.59
27.6 1,258 1,763 1.40
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1.9 < 2.5) (Table 5-12). The mean PALs for the four categories are shown
in Table 5-13. The energy expenditure in sedentary individuals is set to
reflect their BEE, the thermic effect of food, and the physical activities that
are required for independent living. A low-active lifestyle (PAL = 1.5) for
an adult weighing 70 kg is set to include an exertion equivalent to walking
2.2 mi/d at a rate of 3 to 4 mph or the equivalent energy expenditure in
other activities, in addition to the activities that are part of independent
living (Table 5-12). The active lifestyle was set at a PAL of 1.6 to 1.89. The
physical activities performed by active, mid-weight individuals with a PAL
of 1.75 (midpoint in this PAL category) would on average to be equivalent
to walking 7 mi/d at the rate of 3 to 4 mph, while walking ~17 mi/d would
be equivalent to the sum of the activities above independent living carried
out by a very active, mid-weight individual with a PAL of 2.2 (Table 5-12).
The PAL range set for a “very active” lifestyle is 1.9 to 2.49. As shown in
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FIGURE 5-6 Total energy expenditure and age in all individuals (excluding infants
and pregnant or lactating women) in the doubly labeled water database (Appendix I).
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Table 5-12, these distances vary with the actual PAL value as well as with
body weights. Tables are included in Chapter 12 that indicate how an
individual can estimate his or her PAL on a daily (Table 12-2) or weekly
(Table 12-3) basis.

Regression of Total Energy Expenditure on Age, Height, Weight, and
Physical Activity Level Category

While stepwise multiple linear regressions were used to identify
gender, age, height, and weight as the important variables for predicting
TEE, physiological considerations determined that the form of the best
predictive equation was nonlinear:

TEE = A + B × age + PA × (D × weight + E × height)
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FIGURE 5-7 Total energy expenditure and height in all individuals (excluding
infants and pregnant and lactating women) in the doubly labeled water database
(Appendix I).
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where TEE is in kcal/d, age is in years, weight is in kilograms, and height is
in meters. In this equation, A is the constant term; B is the age coefficient;
PA is the physical activity coefficient, which depends on whether the indi-
vidual is estimated to be in the sedentary, low-active, active, or very active
PAL categories; D is the weight coefficient; and E is the height coefficient.
It should be noted that this approach is equivalent to fitting the individuals
in each PAL category separately but keeping their equations parallel.

In the above equation the relative importance of height and weight is
constant for different activity levels but the magnitude of their combined
contribution changes for different PAL levels. Because of the mathematical
interdependencies between the physical activity coefficients and the height
and weight coefficients, the physical activity coefficient for the sedentary
PAL category is set to 1.0.

The standard error of fit (the standard deviation of the residuals)
represents how variable the measurements of the energy requirements of
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individuals with similar characteristics might be. In order to estimate the
true between-individual variability, it was necessary to partition this observed
variability into biological and experimental; in the light of limited data,
and following the suggestion of the 1981 FAO/WHO/UNU Expert Con-
sultation, it is assumed that the biological and the experimental variance
are equal. Therefore, values for individual standard deviations are recom-
mended as 70 percent of the observed standard error of fit (Table 5-14).

The data were fitted to this equation using nonlinear regression and
the Levenberg-Marquardt method for searching for convergence based on
minimizing the sum of residuals squared. For each fit an R-squared was
calculated as the ratio of the explained sum of squared error to the total
sum of squared error, and asymptotic standard errors of the coefficients
were calculated.

TEE Equations for Normal-Weight Children

Separate TEE predictive equations were developed for normal-weight
boys and girls from age, height, weight, and PAL category using the same
definitions as that for adults (see Table 5-12) using nonlinear regression
techniques. In order to utilize all the TEE data, PAL categorization was
determined using predicted rather than observed BEE, since only 71 per-
cent (256/358) of the girls and 66 percent (111/167) of the boys had

TABLE 5-12 Physical Activity Level (PAL) Categories and
Walking Equivalence

Walking Equivalence (mi/d at 3–4 mph)a

Light-Weight Middle-Weight Heavy-Weight
PAL PAL Individual Individual Individual
Category Range PAL (44 kg) (70 kg) (120 kg)

Sedentary 1.0-1.39 1.25 ~ 0 ~ 0 ~ 0
Low active 1.4-1.59

Mean 1.5 2.9 2.2 1.5
Active 1.6-1.89

Minimum 1.6 5.8 4.4 3.0
Mean 1.75 9.9 7.3 5.3

Very active 1.9-2.49
Minimum 1.9 14.0 10.3 17.5
Mean 2.2 22.5 16.7 12.3
Maximum 2.5 31.0 23.0 17.0

a In addition to energy spent for the generally unscheduled activities that are part of a
normal daily life.
SOURCE:  Chapter 12.
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observed BEE (Appendix Table I-2). The following predictive equations
for BEE were derived from the observed BEE provided in the DLW
database.

For boys:
BEE (kcal/d) = 68 – (43.3 × age [y]) + 712 × height (m) + 19.2 ×
weight (kg) [standard error = 88; R2 = 0.89]

For girls:
BEE (kcal/d) = 189 – (17.6 × age [y]) + 625 × height (m) + 7.9 ×
weight (kg) [standard error = 95; R2 = 0.75]

TABLE 5-13 Sample Size, Mean Total Energy Expenditure
(TEE), Body Mass Index (BMI), and Physical Activity Level
(PAL) for each of the PAL Categories in Adults Included in
the DLW Databasea

BMI PAL
(kg/m2) Gender Category n

18.5 to 25 Women Sedentary 35
Low active 45
Active 87
Very active 71
Total 238

Men Sedentary 22
Low active 36
Active 76
Very active 35
Total 169

25 and higher Women Sedentary 39
Low active 43
Active 78
Very active 35
Total 195

Men Sedentary 20
Low active 35
Active 58
Very active 52
Total 165

a From Appendix I.
b Mean ± standard deviation.
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Prediction equations of TEE for normal-weight boys and girls ages 3
through 18 years were then developed using age, height, weight, and PAL
category as predicted from the above BEE equations. Data were not used
in the derivation of the TEE equations if the PAL value was less than 1.0 or
greater than 2.5.

Plots of the residuals (predicted versus observed TEE) for each PAL
category did not differ from zero and showed no evidence of nonlinear
patterns of bias. Standard deviation (SD) of the residuals ranged from 56
to 167, with the highest SD for the very active PAL category. The residuals
were not correlated with weight, height, BMI, or age.

TEE BMI
Measured Measured PAL
(kcal/d)b (kg/m2)b Measuredb

1,567 ± 261 22.1 ± 1.7 1.23 ± 0.11
2,036 ± 252 22.1 ± 1.8 1.52 ± 0.05
2,303 ± 288 21.8 ± 1.7 1.74 ± 0.09
2,588 ± 348 21.2 ± 1.6 2.09 ± 0.16
2,229 ± 447 21.7 ± 1.7 1.73 ± 0.31

1,992 ± 263 23.0 ± 1.5 1.29 ± 0.10
2,500 ± 381 22.4 ± 1.5 1.51 ± 0.05
2,892 ± 402 22.5 ± 1.5 1.74 ± 0.08
3,338 ± 419 22.4 ± 1.6 2.06 ± 0.01
2,784 ± 561 22.5 ± 1.5 1.70 ± 0.25

1,788 ± 373 30.3 ± 5.0 1.25 ± 0.10
2,205 ± 344 30.2 ± 4.3 1.52 ± 0.06
2,594 ± 452 31.0 ± 6.6 1.74 ± 0.08
2,888 ± 347 28.9 ± 3.3 2.04 ± 0.11
2,400 ± 545 30.3 ± 5.3 1.65 ± 0.27

2,378 ± 546 30.3 ± 6.3 1.27 ± 0.09
2,719 ± 544 29.7 ± 6.5 1.50 ± 0.06
3,142 ± 425 29.4 ± 4.1 1.73 ± 0.09
3,821 ± 608 29.9 ± 4.2 2.10 ± 0.14
3,174 ± 727 29.7 ± 5.0 1.74 ± 0.30
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The coefficients and standard error for the prediction of TEE in boys
and girls ages 3 through 18 years of age in the normative database are
described in Appendix Table I-8.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Infants and Children Ages 0 Through 2 Years

Evidence Considered in Determining the Estimated Energy
Requirement

Energy Expenditure and Energy Deposition. The energy requirements of
infants and young children should balance energy expenditure at a level
of physical activity consistent with normal development and allow for depo-
sition of tissues at a rate consistent with health. This approach requires
knowledge of what constitutes developmentally appropriate levels of physi-
cal activity, normal growth, and body composition. Although the energy
requirement for growth relative to maintenance is small, except during
the first months of life, satisfactory growth is a sensitive indicator of
whether energy needs are being met. To determine the energy cost of
growth, the energy content of the newly synthesized tissues must be esti-
mated, preferably from the separate costs of protein and fat deposition.

Basal Metabolism. The brain, liver, heart, and kidney account for most
of the basal metabolism of infants. Holliday (1971) analyzed basal meta-

TABLE 5-14 Estimated Standard Deviation of Estimated
Energy Requirements (kcal/d) Derived from Regression
Equations for Individuals of a Specific Age, Height, Weight,
and Physical Activity Level Categorya

Age (y) Body Mass Index Males Females

 3–18 ≥ 3rd < 85th percentile 58 68
 3–18 ≥ 85th percentile 69 75
 3–18 ≥ 3rd percentile 67 70

≥ 19 ≥ 18.5 < 25 kg/m2 199 162
≥ 19 ≥ 25 kg/m2 208 160
≥ 19 ≥ 18.5 kg/m2 202 160

a Observed variance = biological variance + experimental variance, for the square root
of biological variance = biological standard deviation, assuming biological variance =
experimental variance.
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bolic rate (BMR) in relation to body and organ weight, and noted that
oxygen (O2) consumption increased at a rate greater than that of organ or
body weight during the intrauterine and postnatal periods. There is also
an increase in O2 consumption during the transition to extrauterine life.
After birth, the O2 consumption of these vital organs increases in propor-
tion to increases in organ weight. The contribution of the brain to BMR is
exceptionally high in the newborn period (70 percent) and throughout
the first years of life (60 to 65 percent).

Basal metabolism of term infants has been investigated extensively.
Karlberg (1952) and Benedict and Talbot (1921) reported BMR ranges
from 43 to 60 kcal/kg/d. The high variability is attributable to biological
differences in body composition and technical differences in experimental
conditions and methods. (In most studies of infants, BMR is measured
while they are either asleep or sedated, which may lead to an underestimate
of BEE.) Nevertheless, it should be appreciated that energy expenditure
per kg is approximately two times greater in infants than in adults (Denne
and Kalhan, 1987).

The basal metabolism of infants is dependent on gender, age, and
feeding mode. Significant differences between breast-fed and formula-fed
infants have been reported at 3 and 6 months (Butte, 1990; Butte et al.,
2000b; Wells and Davies, 1995). BMR predicted from Schofield equations
(WN Schofield, 1985) was equal to 0.88 measured BMR at 3–12 months
(Butte et al., 2000b). Schofield compiled approximately 300 measurements
from Benedict and Talbot (1914, 1921), Clagett and Hathaway (1941),
Harris and Benedict (1919), and Karlberg (1952) to develop predictive
models based on weight and length (C Schofield, 1985). Experimental
conditions varied across studies in which indirect calorimetry was used to
measure SMR or resting metabolic rate (RMR) rather than BMR. In the
older studies, the influence of neonatal age, sedation, or experimental
techniques in some of the older studies may explain the lower values pre-
dicted by the Schofield equation compared to measured BMR.

Thermic Effect of Feeding. Since infants normally are fed frequently and
not subjected to prolonged fasting, the thermic effect of food (TEF) will
exert a continual, albeit variable, influence on energy expenditure. The
TEF in preterm infants (Reichman et al., 1982) and in infants recovering
from malnutrition (Ashworth, 1969) has been shown to be proportional to
the rate of weight gain. These observations support the view that some of
the observed energy expenditure is due to the metabolic costs of tissue
synthesis.

Thermoregulation. In the first 24 hours after birth, thermoneu-trality is
reported to be at 34°C to 36°C for the naked infant and falls to 30°C to
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32°C by 7 to 10 days of age (Sinclair, 1978). The amount of energy re-
quired to maintain normal body temperature is greater at lower than at
higher temperatures (Sinclair, 1978). Basal oxygen consumption rates in-
crease from 4.8 ml O2/kg/min at 0 to 6 hours postpartum to 7.0 ml O2/
kg/min at 6 to 10 days of life and remain fairly constant thereafter through-
out the first year of life (Widdowson, 1974). The neonate responds to mild
cold exposure with an increase in nonshivering thermogenesis, which in-
creases metabolic rate and may be mediated by increased sympathetic tone
(Penn and Schmidt-Sommerfeld, 1989). Increased oxidation of fatty acids
in brown adipose tissue located between the scapulae and around major
vessels and organs of the mediastinum and abdomen is thought to make
the most important contribution to nonshivering thermogenesis in infants
(Penn and Schmidt-Sommerfeld, 1989). Shivering thermogenesis occurs
at lower ambient temperatures when nonshivering thermogenesis is insuf-
ficient to maintain body temperature.

Physical Activity. Physical activity represents an increasingly larger com-
ponent of the total energy expenditure (TEE) as the young child grows
and develops. In a longitudinal study of 76 developmentally normal infants,
PAL (TEE/BEE) increased significantly from 1.2 at 3 months of age to 1.4
at 24 months of age (Butte et al., 2000b).

Total Energy Expenditure (TEE). While application of the doubly
labeled water (DLW) method is subject to errors in infants and small chil-
dren, the method has been validated in term and preterm infants (Jensen
et al., 1992; Jones et al., 1987; Roberts et al., 1986; Westerterp et al., 1991).
Mean discrepancies between the DLW method and respiration calorimetry
were 0.3 ± 2.6 percent (Roberts et al., 1986), –0.9 ± 6.2 percent (Jones et
al., 1987), –4.5 ± 6.0 percent (Westerterp et al., 1991), and –0.4 ± 11.5 per-
cent (Jensen et al., 1992).

TEE is influenced by age, gender, and feeding mode (Butte et al.,
2000b). In a longitudinal study of children from 3 to 24 months of age,
absolute TEE differed by age (older greater than younger), gender (boys
greater than girls), and feeding mode (human milk-fed less than formula-
fed infants). Adjusted for body weight, TEE still differed by age and feed-
ing mode, but not by gender. Adjusted for fat-free mass (FFM) and fat
mass (FM), TEE differed by feeding mode, but not by age or gender (Butte
et al., 2000b). TEE has been shown to be lower in breast-fed than formula-
fed infants in a number of other studies (Butte et al., 1990; Davies et al.,
1990; Jiang et al., 1998).

Growth. Body composition data may be used to compute the energy
cost of growth. The energy content of the newly synthesized tissues is theo-
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retically more accurate when the separate costs of protein and fat deposi-
tion are taken into account since the composition of weight gain varies
with age. Much understanding of the energy cost of growth has been
derived from preterm infants or children recovering from malnutrition
(Butte et al., 1989; Roberts and Young, 1988). Typically, the energy cost of
growth in these studies ranges from 2.4 to 6.0 kcal/g (10 to 25 kJ/g). In
practicality, the energy cost of growth is an issue only during the first half
of infancy when energy deposition contributes significantly to energy
requirements.

In this report, the energy content of tissue deposition was computed
from rates of protein and fat deposition observed in a longitudinal study
of infants from 0.5 to 24 months of age (Butte et al., 2000b). The energy
content of tissue deposition (kcal/g) derived from the above study was
applied to the 50th percentile of weight gain published by Guo and col-
leagues (1991) as shown in Table 5-15 for infants and children 0 through
24 months of age. The estimated energy cost of tissue deposition averaged
approximately 175 kcal/d for the age interval 0 to 3 months, 60 kcal/d for

TABLE 5-15 Weight Gain and Energy Deposition of Boys and
Girls 0 Through 2 Years of Age

Energy Cost
Protein Fat Mass of Tissue Weight Energy

Age Interval Gain Gain Deposition Gain Deposition
(mo) (g/d)a (g/d)a (kcal/g) (g/d)b (kcal/d)

Boys
0–3 2.6 19.6 6.0 31 186
4–6 2.3 3.9 2.8 18 50
7–9 2.3 0.5 1.5 12 18

10–12 1.6 1.7 2.7 10 27
13–15 1.3 1.0 2.2 9 20
16–18 1.3 1.0 2.2 8 17
19–24 1.1 2.1 4.7 7 33

Girls
0–3 2.2 19.7 6.3 26 163
4–6 1.9 5.8 3.7 17 63
7–9 2.0 0.8 1.8 12 21

10–12 1.8 1.1 2.3 10 23
13–15 1.3 1.4 2.5 9 23
16–18 1.3 1.4 2.5 8 20
19–24 1.0 0.8 2.2 7 15

a Body composition (Butte et al., 2000a).
b Increments in weight at the 50th percentile (Guo et al., 1991).
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4 to 6 months, 22 kcal/d for 7 to 12 months, and 20 kcal for 13 to
35 months.

Estimated Energy Requirements (EER). Total energy requirements of
infants and young children have thus been shown to vary by age, gender,
and feeding mode. Total energy requirements increase as children grow
and are higher in boys than girls. Weight or FFM and FM accounted for
the differences in energy requirements between ages and genders. The
effect of feeding mode on energy requirements was apparent throughout
the first year, primarily due to the higher TEE in formula-fed than human
milk-fed infants (Butte et al., 2000b). Energy requirements (kcal/kg/d)
were 7, 8, 9, and 3 percent higher in formula-fed than human milk-fed
infants at 3, 6, 9, 12 months, respectively. The differences in energy
requirements between feeding groups appeared to diminish beyond the
first year of life.

Based upon analysis of the DLW data for infants and very young
children (Appendix Table I-1), a single equation to predict total energy
expenditure involving only weight was found to fit all of the individuals
(n = 320 measurements) regardless of gender. Because the data included
repeated measurements of individuals, dummy variables were used to link
those individual data. While age, height, and weight were all indepen-
dently correlated with TEE, weight was the best predictor. TEE values,
adjusted for weight, were not correlated with age or height. Gender was
not a statistically significant predictor of TEE, once body weight was ac-
counted for. Because of the small sample size and limited range of esti-
mated physical activity, the physical activity level (PAL) category was not
included in the TEE equation. Examination of the residuals revealed no
bias and including the squares of age, height, and weight added nothing
to the prediction of TEE. Additionally, the inclusion of mean published
data (Butte et al., 1990; Davies et al., 1989, 1991, 1997; de Bruin et al.,
1998; Lucas et al., 1987; Stunkard et al., 1999; Wells et al., 1996), weighted
for sample size, did not change the predictive equations.

Because of the lack of gender differences, it was decided to use a
single equation for individuals 0 through 2 years of age:

TEE (kcal/d) = 89 (± 3 [standard error]) × weight of the child (kg)
– 100 (± 56 [standard error])

EER Summary, Ages 0 Through 2 Years

Since infants and very young children are growing, an allowance for
energy deposition (estimated in Table 5-15) must be added to the TEE to
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derive the EER. This energy deposition allowance is the average of energy
deposition for boys and girls of similar ages. The EER is equal to the sum
of TEE from the equation above plus energy deposition. Specific EERs are
given in Tables 5-16 (boys) and 5-17 (girls) and are summarized for each
age group below. The estimated energy deposition is the average of boys
and girls taken from Table 5-15.

EER for Ages 0 Through 36 Months

EER = TEE + energy deposition
0–3 months (89 × weight [kg] – 100) + 175 kcal
4–6 months (89 × weight [kg] – 100) + 56 kcal
7–12 months (89 × weight [kg] – 100) + 22 kcal
13–36 months (89 × weight [kg] – 100) + 20 kcal

TABLE 5-16 Estimated Energy Requirement (EER) for Boys
0 Through 2 Years of Age

Reference Total Energy Energy
Weight Expenditureb Depositionc EER (kcal/d)

Age (mo) (kg [lb])a (TEE) (kcal/d) (ED) (kcal/d) (TEE + ED)

1 4.4 (9.7) 292 180 472
2 5.3 (11.7) 372 195 567
3 6.0 (13.2) 434 138 572
4 6.7 (14.8) 496 52 548
5 7.3 (16.1) 550 46 596
6 7.9 (17.4) 603 42 645
7 8.4 (18.5) 648 20 668
8 8.9 (19.6) 692 18 710
9 9.3 (20.5) 728 18 746

10 9.7 (21.4) 763 30 793
11 10.0 (22.0) 790 27 817
12 10.3 (22.7) 817 27 844
15 11.1 (24.4) 888 20 908
18 11.7 (25.8) 941 20 961
21 12.2 (26.9) 986 20 1,006
24 12.7 (28.0) 1,030 20 1,050
27 13.1 (28.9) 1,066 20 1,086
30 13.5 (29.7) 1,101 20 1,121
33 13.9 (30.6) 1,137 20 1,157
35 14.2 (31.3) 1,164 20 1,184

a From Table 5-6.
b Estimated from TEE = 89 × weight (kg) – 100 derived from DLW data (Appendix I).
c From Table 5-15.
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TABLE 5-17 Estimated Energy Requirement (EER) for Girls
0 Through 2 Years of Age

Reference Total Energy Energy
Weight Expenditureb Depositionc EER (kcal/d)

Age (mo) (kg [lb])a (TEE) (kcal/d) (ED) (kcal/d) (TEE + ED)

1 4.2 (9.3) 274 164 438
2 4.9 (10.8) 336 164 500
3 5.5 (12.1) 389 132 521
4 6.1 (13.4) 443 65 508
5 6.7 (14.8) 496 57 553
6 7.2 (15.9) 541 52 593
7 7.7 (17.0) 585 23 608
8 8.1 (17.8) 621 22 643
9 8.5 (18.7) 656 22 678

10 8.9 (19.6) 692 25 717
11 9.2 (20.3) 719 23 742
12 9.5 (20.9) 745 23 768
15 10.3 (22.7) 817 20 837
18 11.0 (24.2) 879 20 899
21 11.6 (25.6) 932 20 952
24 12.1 (26.7) 977 20 997
27 12.5 (27.5) 1,013 20 1,033
30 13.0 (28.6) 1,057 20 1,077
33 13.4 (29.5) 1,093 20 1,113
35 13.7 (30.2) 1,119 20 1,139

a From Table 5-6.
b Estimated from TEE = 89 × weight (kg) – 100 derived from DLW data (Appendix I).
c From Table 5-15.

EERs for energy calculated by these equations are slightly lower than
those estimated by Prentice and colleagues (1988). Their estimates were
95, 85, 83, and 83 kcal/kg/d at 3, 6, 9, and 12 months, respectively. These
estimates of total energy expenditures are approximately 80 percent of the
1985 FAO/WHO/UNU recommendations for energy intake of infants and
toddlers (FAO/WHO/UNU, 1985), which were based upon observed
energy intakes of infants compiled by Whitehead and colleagues (1981)
from the literature predating 1940 and up to 1980.

More recent intake data are 2 to 15 percent lower than those on which
the 1985 FAO/WHO/UNU recommendations were based (Davies et al.,
1997; Prentice et al., 1988). In addition, an extra 5 percent allowance was
factored into the FAO/WHO/UNU recommendations to correct for a pre-
sumed underestimation of energy intake (FAO/WHO/UNU, 1985).
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Human Milk

Human milk is recognized as the optimal milk source for infants
throughout at least the first year of life and is recommended as the sole
nutritional milk source for infants through the first 4 to 6 months of life
(IOM, 1991). Infants receiving human milk for this period would have an
energy intake of some 500 kcal/d based on an average volume of milk
intake of 0.78 L/d (Heinig et al., 1993; Neville et al., 1988) and an average
caloric density of human milk of 650 kcal/L (Anderson et al., 1983; Butte
and Calloway, 1981; Butte et al., 1984a; Dewey et al., 1984; Nommsen et
al., 1991) (Table 5-18). The EERs derived in this report are thus more
consistent with energy intakes of human milk-fed infants than the recom-
mendations in the 1985 FAO/WHO/UNU report; it should be noted that
the EERs based on the equations given do exceed the calculated 500 kcal/d
from human milk for some infant boys and girls (Tables 5-16 and 5-17),
which is in agreement with studies that have shown that infants fed human
milk as a sole source of nutrients have lower TEE values than formula-fed
infants.

Children Ages 3 Through 8 Years

Evidence Considered in Determining the Estimated Energy
Requirement

Basal Metabolism. BMR may be measured by indirect calorimetry or
estimated from weight using the Schofield equations (WN Schofield,
1985). Validation of the Schofield equations has been undertaken by com-
paring predicted values with measured values (Torun et al., 1996) in British
7- to 10-year-old children (Livingstone et al., 1992a) and Dutch 8- to
10-year-old children (Saris et al., 1989). Mean differences between the
measured and calculated BMR ranged from 7.6 to 9.9 percent, suggesting
that the Schoefield equations are adequate for use in this population.

In this report, predictive equations for basal energy expenditure (BEE)
(BMR extrapolated to 24 hours) were derived from observed BEE mea-
sured in the children in the DLW database and are described in the earlier
section “TEE Equations for Normal-Weight Children.”

Thermic Effect of Food. The TEF was studied in prepubertal children
for 3 hours after ingestion of a mixed meal in liquid form (Maffeis et al.,
1993). In normal-weight children, the rise in energy expenditure was
equivalent to 14 percent RMR or to 5.9 percent of the energy ingested.

Physical Activity. Energy needs per unit body weight for maintenance
and growth decrease in relation to the increased energy needed for physi-
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TABLE 5-18 Human Milk Intake and Composition

Energy Intake from
Stage of Milk (As Reported in

Study Country n Lactation Study)a

Anderson et al., Canada 10 women 3–5 d Not reported
1981 8–11 d

15–18 d
26–29 d

Anderson et al., United 9 women 3 d Not reported
1983 States 7 d

14 d

Butte and United 23 1 mo Not reported
Calloway, 1981 States

Butte et al., United 37 infants 1 mo 520 ± 131 kcal/d
1984a, 1984b States 40 infants 2 mo 468 ± 115 kcal/d

37 infants 3 mo 458 ± 124 kcal/d
41 infants 4 mo 477 ± 111 kcal/d

Dewey et al., United 12 women 7–20 mo 610 kcal/d at 7 mo
1984 States 735 kcal/d at 11–16 mo

Ferris et al., United 12 women 2 wk Not reported
1998 States 6 wk

12 wk
16 wk

Lammi-Keefe United 6 women 8 wk Not reported
et al., 1990 States

Nommsen et al., United 58 infants 3 mo Not reported
1991 States 45 infants 6 mo

28 infants 9 mo
21 infants 12 mo

Heinig et al., United 38 F, 33 M 3 mo 535.37 ± 81.26  kcal/d
1993 States 30 F, 26 M 6 mo 518.64 ± 114.72 kcal/d

22 F, 24 M 9 mo 439.77 ± 143.40 kcal/d
21 F, 19 M 12 mo 303.54 ± 172.08 kcal/d

a Mean ± SD, unless otherwise noted.
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Energy Content of
Milka Maternal Intakea Comments

50 kcal/dL Not reported Full-term infants
60 kcal/dL Milk energy content was
60 kcal/dL approximated from
60 kcal/dL study figure

51 ± 9 kcal/dL Not reported Full-term pregnancies
63 ± 9 kcal/dL
67 ± 10 kcal/dL

66 ± 12 kcal/dL Not reported Navajo women

0.68 ± 0.08 kcal/g 2,334 ± 536 kcal/d Healthy term infants,
0.64 ± 0.08 kcal/g 2,125 ± 582 kcal/d exclusively breast-fed
0.62 ± 0.09 kcal/g 2,170 ± 629 kcal/d
0.64 ± 0.10 kcal/g 2,092 ± 498 kcal/d

65 kcal/dL Not reported Breast-feeding mothers

78.1 ± 12.5 kcal/dL 2,315 ± 658 kcal/d Full-term pregnancies,
75.3 ± 7.7 kcal/dL 2,439 ± 806 kcal/d healthy nonsmokers,
79.2 ± 9.3 kcal/dL 2,384 ± 845 kcal/d exclusively breast-
82.9 ± 12.2 kcal/dL 2,337 ± 724 kcal/d feeding

Energy content measured
by bomb calorimetry

66.5 kcal/dL ± 7.74 2,531 ± 442 kcal/d Exclusively breast-
(range 51.9–81.2 feeding

kcal/dL) Full-term pregnancies

69.7 ± 6.7 kcal/dL 2,340 kcal/d Healthy, exclusively
70.7 ± 9.2 kcal/dL (range: 1,477– breast-feeding mothers
70.9 ± 7.4 kcal/dL 3,201 kcal/d)
70.6 ± 11.0 kcal/dL

66.9 kcal/dL Not reported Healthy, full-term,
69.3 kcal/dL exclusively breast-fed
71.7 kcal/dL No additional solid foods
71.7 kcal/dL consumed before 4 mo

of age
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cal activity in healthy, active children. An index of physical activity, PAL,
defined as the ratio of TEE:BEE, reflects differences in lifestyle, geographic
habitat, and socioeconomic conditions. Torun and coworkers (1996)
reviewed PALs estimated by DLW, heart rate monitoring, and time-motion/
activity diary techniques in children. Mean PALs were between 1.4 and 1.5
for children less than 5 years of age and between 1.5 and 1.8 for children 6
to 18 years of age living in urban settings in industrialized countries.

Total Energy Expenditure. TEE has been measured by the DLW method
in a number of studies of children. Black and coworkers (1996) compiled
DLW studies on 2- to 6-year-old children from around the world. In their
analysis of cross sectional data on 196 children they found the mean TEE
per kg of body weight was significantly higher in boys (p < 0.05) than in
girls, but not for BMR or PAL.

Growth. The energy cost of growth for children (Table 5-19) was com-
puted based on rates of weight gain of children enrolled in the FELS
Longitudinal Study (Baumgartner et al., 1986) and estimated rates of pro-
tein and fat deposition for children (Fomon et al., 1982). It is recognized
that the energy content of newly synthesized tissues varies in childhood,
particularly during the childhood adiposity rebound (Rolland-Cachera,
2001; Rolland-Cachera et al., 1984), but these variations are assumed to
minimally impact total energy requirements of children, as only from 8 to
32 kcal/d are estimated to be required for tissue deposition.

EER Summary, Ages 3 Through 8 Years

Marked variability exists for boys and girls in the EER because of varia-
tions in growth rate and physical activity (Zlotkin, 1996). To derive total
energy requirements, the DLW data (Appendix Table I-2) were utilized to
develop equations to predict TEE based on a child’s gender, age, height,
weight and PAL category (Appendix Table I-8 gives the constants and
standard errors of the predictive equations). The calculated TEE is increased
by an average of 20 kcal/d for estimated energy deposition (Table 5-19) to
get the EER. EER predictions for children with reference weights for ages
3 through 8 years are given below and values are summarized at yearly
intervals for reference-weight children in Tables 5-20 (boys) and 5-21 (girls).

EER for Boys 3 Through 8 years
EER = TEE + energy deposition
EER = 88.5 – (61.9 × age [y]) + PA × (26.7 × weight [kg] + 903

× height [m]) + 20 kcal
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TABLE 5-19 Weight Gain and Energy Deposition of Boys and
Girls 3 Through 18 Years of Age

Energy Energy
Age at End of Weight Gain Weight Gain Deposition Deposition
Interval (y) (kg/6 mo)a (g/d)a (kcal/g)b (kcal/d)b

Boys
3.5 1.0 5 1.5 8.1
4.5 1.1 6 1.5 8.7
5.5 1.2 6 1.5 9.5
6.5 1.2 6 1.7 10.8
7.5 1.4 8 2.4 18.2
8.5 1.4 8 2.4 18.8
9.5 1.5 8 2.6 22.0

10.5 1.6 9 2.9 25.6
11.5 1.9 10 3.1 32.6
12.5 2.5 13 1.8 24.1
13.5 3.1 17 1.3 22.1
14.5 3.7 20 1.5 29.3
15.5 2.6 14 1.7 24.3
16.5 1.7 9 1.9 18.0
17.5 1.1 6 2.0 12.2

Girls
3.5 1.0 5 1.7 9.3
4.5 0.9 5 2.0 10.3
5.5 1.0 5 2.2 11.7
6.5 1.2 7 2.6 17.0
7.5 1.3 7 2.9 21.0
8.5 1.5 8 3.1 25.2
9.5 1.5 8 3.3 27.7

10.5 2.0 11 2.8 30.1
11.5 2.5 14 2.3 31.8
12.5 2.8 15 1.9 28.3
13.5 2.3 13 3.0 37.9
14.5 1.5 8 4.1 33.7
15.5 0.9 5 5.1 25.7
16.5 0.8 4 4.9 20.3
17.5 0.4 2 4.0 8.8

a Increments in weight at the 50th percentile (Baumgartner et al., 1986).
b Rates of protein and fat deposition (Fomon et al., 1982; Haschke, 1989).

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.13 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.26 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.42 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)
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EER for Girls 3 Through 8 Years
EER = TEE + energy deposition
EER = 135.3 – (30.8 × age [y]) + PA × (10.0 × weight [kg] + 934

× height [m]) + 20 kcal

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.16 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.31 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.56 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

TABLE 5-20  Estimated Energy Requirement (EER) for Boys
3 Through 18 Years of Age

Total Energy Expenditureb

(TEE) (kcal/d)

Reference Reference Low Very
Weight Height Sedentary Active Active Active

Age (y) (kg [lb])a (m [in]) PAL PAL PAL PAL

3 14.3 (31.5) 0.95 (37.4) 1,142 1,304 1,465 1,663
4 16.2 (35.7) 1.02 (40.2) 1,195 1,370 1,546 1,763
5 18.4 (40.5) 1.09 (42.9) 1,255 1,446 1,638 1,874
6 20.7 (45.6) 1.15 (45.3) 1,308 1,515 1,722 1,977
7 23.1 (50.9) 1.22 (48.0) 1,373 1,597 1,820 2,095
8 25.6 (56.4) 1.28 (50.4) 1,433 1,672 1,911 2,205
9 28.6 (63.0) 1.34 (52.8) 1,505 1,762 2,018 2,334

10 31.9 (70.3) 1.39 (54.7) 1,576 1,850 2,124 2,461
11 35.9 (79.1) 1.44 (56.7) 1,666 1,960 2,254 2,615
12 40.5 (89.2) 1.49 (58.7) 1,773 2,088 2,403 2,792
13 45.6 (100.4) 1.56 (61.4) 1,910 2,251 2,593 3,013
14 51.0 (112.3) 1.64 (64.6) 2,065 2,434 2,804 3,258
15 56.3 (124.0) 1.70 (66.9) 2,198 2,593 2,988 3,474
16 60.9 (134.1) 1.74 (68.5) 2,295 2,711 3,127 3,638
17 64.6 (142.3) 1.75 (68.9) 2,341 2,771 3,201 3,729
18 67.2 (148.0) 1.76 (69.3) 2,358 2,798 3,238 3,779

a From Table 5-8.
b Based on equations given in Appendix Table I-8. PAL = physical activity level.
c EER = TEE + 20 kcal/d – estimate of energy deposition during childhood.
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Children Ages 9 Through 18 Years

Evidence Considered in Determining the Estimated Energy
Requirement

Energy requirements of adolescents are defined to maintain health,
promote optimal growth and maturation, and support a desirable level of
physical activity. Growth refers to increases in height and weight and
changes in physique, body composition, and organ systems. Maturation
refers to the rate and timing of progress toward the mature biological
state. Developmental changes occur in the reproductive organs, and lead
to the development of secondary gender characteristics and to changes in
the cardiorespiratory and muscular systems leading to an increases in
strength and endurance. As a result of these changes, energy requirements
of adolescents increase. In adolescents, changes in occupational and
recreational activities further alter energy requirements.

EERc (kcal/d)

Low Very
Sedentary Active Active Active
PAL PAL PAL PAL

1,162 1,324 1,485 1,683
1,215 1,390 1,566 1,783
1,275 1,466 1,658 1,894
1,328 1,535 1,742 1,997
1,393 1,617 1,840 2,115
1,453 1,692 1,931 2,225
1,530 1,787 2,043 2,359
1,601 1,875 2,149 2,486
1,691 1,985 2,279 2,640
1,798 2,113 2,428 2,817
1,935 2,276 2,618 3,038
2,090 2,459 2,829 3,283
2,223 2,618 3,013 3,499
2,320 2,736 3,152 3,663
2,366 2,796 3,226 3,754
2,383 2,823 3,263 3,804
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Basal Metabolism. The effect of age on basal metabolism is a function
of changes in body composition through adolescence. FFM comprises the
bulk of the active metabolic tissue, and energy expenditure is strongly
correlated with FFM (Webb, 1981). Marked gender differences in intensity
and duration of the adolescent growth spurt in FFM dictates higher energy
and nutrient needs in boys than girls (Butte, 2000).

The accuracy of the Schofield equations (WN Schofield, 1985) for the
prediction of BEE has been evaluated by comparing predicted BEE values
with measured BEE values from several studies of adolescents (Torun et
al., 1996). Predicted BEE values were within –4.9, and –0.2 percent of
measured values in American adolescents (Bandini et al., 1990b) and were
within –4.8, –2.9, –7.2, and +16.8 percent of measured values in British
adolescents (Livingstone et al., 1992a); however, the sample size was small
in some of the age and gender categories.

In a large-scale study of 5- to 16-year-old children, predicted BEE
agreed within ± 8 percent of measured values (Firouzbakhsh et al., 1993),

TABLE 5-21 Estimated Energy Requirement (EER) for Girls
3 Through 18 Years of Age

Total Energy Expenditureb

(TEE) (kcal/d)

Reference Reference Low Very
Weight Height Sedentary Active Active Active

Age (y) (kg [lb])a (m [in]) PALb PAL PAL PAL

3 13.9 (30.6) 0.94 (37.0) 1,060 1,223 1,375 1,629
4 15.8 (34.8) 1.01 (39.8) 1,113 1,290 1,455 1,730
5 17.9 (39.4) 1.08 (42.5) 1,169 1,359 1,537 1,834
6 20.2 (44.5) 1.15 (45.3) 1,227 1,431 1,622 1,941
7 22.8 (50.2) 1.21 (47.6) 1,278 1,495 1,699 2,038
8 25.6 (56.4) 1.28 (50.4) 1,340 1,573 1,790 2,153
9 29.0 (63.9) 1.33 (52.4) 1,390 1,635 1,865 2,248

10 32.9 (72.5) 1.38 (54.3) 1,445 1,704 1,947 2,351
11 37.2 (81.9) 1.44 (56.7) 1,513 1,788 2,046 2,475
12 41.6 (91.6) 1.51 (59.4) 1,592 1,884 2,158 2,615
13 45.8 (100.9) 1.57 (61.8) 1,659 1,967 2,256 2,737
14 49.4 (108.8) 1.60 (63.0) 1,693 2,011 2,309 2,806
15 52.0 (114.5) 1.62 (63.8) 1,706 2,032 2,337 2,845
16 53.9 (118.7) 1.63 (64.2) 1,704 2,034 2,343 2,858
17 55.1 (121.4) 1.63 (64.2) 1,685 2,017 2,328 2,846
18 56.2 (123.8) 1.63 (64.2) 1,665 1,999 2,311 2,833

a From Table 5-9.
b Based on equations given in Appendix Table I-8. PAL = physical activity level.
c EER = TEE + 20 kcal/d – estimate of energy deposition during childhood.
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while in another study, the Schofield equations overestimated the BEE of
African-American girls in the United States by 8 percent compared to
measured values (Wong et al., 1999). The tendency for the equations
to overestimate BEE of some adolescents will require further research to
determine if universal equations or specific equations for different ethnic
groups are warranted.

In this report, predictive equations for BEE were derived from the
observed BEE provided in the DLW database as described in the earlier
section “TEE Equations for Normal-Weight Children.”

Thermic Effect of Food. No publications describing TEF in this age
group were available.

Physical Activity. Physical activity reflects the energy expended in
activities beyond basal processes for survival and for the attainment of
physical, intellectual, and social well-being. Physical fitness entails muscular,

EERc (kcal/d)

Low Very
Sedentary Active Active Active
PAL PAL PAL PAL

1,080 1,243 1,395 1,649
1,133 1,310 1,475 1,750
1,189 1,379 1,557 1,854
1,247 1,451 1,642 1,961
1,298 1,515 1,719 2,058
1,360 1,593 1,810 2,173
1,415 1,660 1,890 2,273
1,470 1,729 1,972 2,376
1,538 1,813 2,071 2,500
1,617 1,909 2,183 2,640
1,684 1,992 2,281 2,762
1,718 2,036 2,334 2,831
1,731 2,057 2,362 2,870
1,729 2,059 2,368 2,883
1,710 2,042 2,353 2,871
1,690 2,024 2,336 2,858
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motor, and cardiorespiratory fitness. Dietary energy recommendations
include recommendations for physical activity compatible with health, pre-
vention of obesity, and appropriate social and psychological development.

The assessment of habitual physical activity and its impact on the
energy needs of adolescents is difficult because of the wide variability in
lifestyles. PALs of 1.60 to 1.73 at 11 to 14 years of age and 1.50 to 1.65 at 15
to 18 years of age were designated as typical for adolescent boys and girls,
respectively, in the 1985 FAO/WHO/UNU report. A detailed categoriza-
tion of adolescent lifestyles was also provided that allowed for individual-
ization of energy requirements (FAO/WHO/UNU, 1985).

Physical activity in adolescents has been estimated by the DLW
method, heart rate monitoring, and activity–time allocation studies.
Although heart rate monitors, calibrated against indirect calorimetry, can
be used to predict TEE of individuals (Treuth et al., 1998a), the DLW
method shows closer agreement when validated against calorimetry than
heart rate monitoring or activity–time allocation studies. Torun and co-
workers (1996) extensively reviewed PALs as estimated by DLW, heart rate
monitoring, and activity–time allocation studies conducted in urban and
rural areas of industrialized and developing countries. Mean PALs were
between 1.45 and 2.05 for children 6 to 18 years of age engaged in light,
moderate, or heavy levels of physical activity.

Physical activity is generally viewed as having a favorable influence on
the growth and physical fitness of youth, but longitudinal data addressing
these relationships are limited. Regular physical activity has no apparent
effect on statural growth and biological maturation (i.e., skeletal age, age
at peak height velocity, and age at menarche) (Malina, 1994; Geithner et
al. 1998; Beunen et al., 1992). Data suggesting later menarche in female
athletes are associational and retrospective, and do not control for other
factors that influence the age at menarche (e.g., genotype, physique, and
dietary practices). Regular physical activity is often associated with decreased
body fat in both genders and, sometimes, increased FFM, at least in males
(Parizkova, 1974; Sunnegardh et al., 1986; Deheeger et al., 1997). It is also
associated with greater skeletal mineralization, bone density, and bone
mass (Bailey and McCulloch, 1990). However, excessive training associ-
ated with, or causing, sustained weight loss and maintenance of excessively
low body weights may contribute to bone loss and increased susceptibility
to stress fractures (Dhuper et al., 1990; Warren et al., 1986).

Information is scant on the relationship between children’s physical
activity and fitness and present and future health status (Malina, 1994;
Twisk, 2001). Most evidence is limited to cross-sectional comparisons of
active and nonactive children. Active children tend to have lower skinfold
thickness than inactive children (Raitakari et al., 1994; Moore et al., 1995).
Short-term training does not seem to alter high blood pressure, low HDL
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cholesterol, and triacylglycerols in otherwise healthy children (Gilliam and
Freedson, 1980; Hunt and White, 1980; Linder et al., 1983; Savage et al.,
1986). Exercise training has been shown to slightly reduce the percentage
body fat and improve lipoprotein profile in obese children (Gutin et al.,
2002; Owens et al., 1999; Sasaki et al., 1987). The tracking of body fatness,
blood pressure, and lipoprotein profile appears to be moderate from ado-
lescence into adulthood (Clarke et al., 1978; Webber et al., 1983; Newman
et al., 1986).

Total Energy Expenditure. A number of investigators have measured
the TEE of adolescents using the DLW method (Davies et al., 1991;
Livingstone et al., 1992a; Wong, 1994). While absolute energy expenditure
increases with age, energy expenditure per unit body weight decreases
across adolescence, primarily due to the decrease in BEE.

Growth. The energy cost of growth comprises the energy deposited in
newly accrued tissues and the energy expended for tissue synthesis. It is
recognized that the energy deposited in newly synthesized tissues varies in
childhood, particularly around the adolescent growth spurt, but these
variations minimally impact total energy requirements. Longitudinal data
on the body composition of normally growing adolescents are not avail-
able. However, Haschke (1989) estimated the typical body composition of
male and female adolescents from literature values of total body water,
potassium, and calcium. FFM increased dramatically from approximately
28 kg at 10.5 years of age to 61 kg at 18.5 years of age in boys of median
height and weight, with peak deposition coinciding with peak rates of
height gains. The FFM:height ratio was higher in boys than girls, while FM
deposition was greater in girls, increasing from 8 kg at 10.5 years of age to
14 kg at 18.5 years of age. As a percentage of body weight, FM increased
during this period from 23.5 to 25 percent in girls, and actually declined
in boys from 16 to 13 percent by 18.5 years.

In this report, the energy cost of growth was computed based on rates
of weight gain of children enrolled in the FELS Longitudinal Study
(Baumgartner et al., 1986) and rates of protein and fat deposition for
children (Fomon et al., 1982) and adolescents (Haschke, 1989) (Table 5-19).
The energy cost of tissue deposition was approximately 20 kcal/d, increasing
to 30 kcal/d at peak growth velocity.

EER Summary, Ages 9 Through 18 Years

EERs for adolescents have been based on estimates of energy expendi-
ture and requirements for growth based on tissue deposition. Energy
requirements of adolescents must take into account habitual physical
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activity level and lifestyle consistent with the maintenance of health, opti-
mal growth and maturation, and social and economic demands.

Marked variability exists in the energy requirements of adolescents
due to varying rates of growth and physical activity levels (Zlotkin, 1996).
In adolescents, growth is relatively slow except around the adolescent
growth spurt, which varies considerably in timing and magnitude between
individuals. Occupational and recreational activities also variably affect
energy requirements.

To derive the EER for children, the DLW data (Appendix Table I-2)
were utilized to develop equations (Appendix Table I-8) to predict TEE
based on a child’s gender, age, height, weight, and PAL category and
added to 25 kcal/d as an estimate of energy deposition (Table 5-19). The
TEE equations allow for four levels of activity as shown in Table 5-12. EERs
for children with reference heights and weights (Tables 5-8 and 5-9) for
ages 9 through 18 are given below and values are summarized in yearly
intervals for children with reference weights in Tables 5-20 (boys) and 5-21
(girls). The equations below are the same as those used for children ages 3
to 8 years, but the additional amount added to cover energy deposition
resulting from growth is somewhat larger (25 kcal/d compared with
20 kcal/d).

EER for Boys 9 Through 18 Years
EER = TEE + energy deposition
EER = 88.5 – (61.9 × age [y]) + PA × (26.7 × weight [kg] + 903

× height [m]) + 25 kcal

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.13 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.26 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.42 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

EER for Girls 9 Through 18 Years
EER = TEE + energy deposition
EER = 135.3 – (30.8 × age [y]) + PA × (10.0 × weight [kg] + 934

× height [m]) + 25 kcal

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.16 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.31 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.56 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)



ENERGY 183

Adults Ages 19 Years and Older

Evidence Considered in Determining the Estimated Energy
Requirement

Weight and Height. In adults, BEE predictions are not generally or sig-
nificantly improved by considering weight and height, as compared to
weight alone (WN Schofield, 1985). In the present approach for evaluating
TEE in adults with body weights in the desirable range, however, height
becomes a significant factor because desirable body weights (i.e., those
corresponding to BMIs in the range from 18.5 up to 25 kg/m2) depend on
an individual’s height. The impact of height and weight on TEE are shown
quantitatively in Figures 5-7 and 5-8.

Age. Age comes out as a significant parameter in the multiple regres-
sion analysis performed on the DLW database for subjects with BMIs from
18.5 up to 25 kg/m2 (Appendix Table I-3). The age-related decline in TEE
was found to amount to approximately 10 and 7 kcal/y for adult men and
women, respectively.

Physical Activity. The physical activities carried out by free-living indi-
viduals vary greatly in intensity as well as duration, and assessment of
physical activity-induced increments in TEE in individuals is fraught with
considerable uncertainties. For this reason, individuals in the DLW data-
base are classified as sedentary, low active, active, or very active (Table 5-12).
Currently available reliable data on PAL can be obtained only by the DLW
technique. The 407 individuals studied in this manner have been included
in the DLW database shown in Appendix Table I-3. Other techniques
involving heart rate monitors and accelerometers have also been used to
estimate TEE, but their accuracy depends on careful individual calibration
of these instruments for each subject studied.

In spite of concerns about obtaining accurate estimates, it is important
to be able to evaluate PAL and TEE in individuals for whom such data are
not available or for whom these approaches are not practical. One way to
do this is to evaluate physical efforts by estimating how many miles an
individual would have to walk in one day to induce a comparable level of
exertion (in terms of kcal expended). For example, individuals who have
30 minutes of moderately intense activity (equivalent to walking 2 miles
in 30 minutes or an equivalent amount of physical exertion in addition to
the activities involved in maintaining a sedentary lifestyle) have a PAL of
about 1.5 (see Table 12-2), and they are classified as “low active” in this
report. To raise a PAL from 1.5 to 1.75, in addition to activity equivalent to
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walking 2 miles in 30 minutes, each day one would to need increase activ-
ity to the equivalent of walking an additional 1 hour at 4.5 mph (an equiva-
lent activity would be to bicycle for 1 hour at 10 to 12 mph, use a stair-
treadmill for 1 hour, or run for 30 minutes at 6 mph while maintaining the
habitual daily routine of other activities).

The change in PAL induced by various types of physical activities can
be estimated with the help of Table 12-1, which contains a list of the
physical activities typically performed and the impact on PAL when they
are performed for 10 minutes or 1 hour. Unlike food intake, which is
generally underreported, physical activities tend to be overestimated, and
activities of one kind may cause a reduction in activities of another. Thus,
subjective determination of PAL has errors similar to using dietary intake
to obtain EERs.

Body Weight and PAL. PAL describes the ratio of TEE divided by BEE
extrapolated to one day. Whereas the energy cost of weight-bearing physi-
cal activities is approximately proportional to body weight, BEE is not pro-
portional to body weight, as the contribution of FFM to basal metabolism
is much greater than FM (resulting in a substantial intercept in the equa-
tions relating BEE to body weight). The relationship between miles walked
per day (or between other weight bearing activities) and PAL is thus not
linear, and it will take fewer miles at a given walking speed to raise PAL in
a heavy compared to a light-weight individual (see Table 5-12).

EER Summary, Ages 19 Years and Older

Separate TEE predictive equations for EER were developed for adult
men and women from age, height, weight, and PAL category, which were
determined using the observed BEE for individuals in the DLW database
(Appendix Table I-3). Individual data were not used in the derivation of
the TEE equations if the PAL value was less than 1.0 or greater than 2.5.

Plots of the residuals showed no evidence of nonlinear patterns of bias
(although there was a general increased magnitude of residuals with in-
creasing values of each variable). The additional predictive value of BMI
and the squares of age, height, and weight were explored for the linear
predictions and none of these significantly reduced the standard error of
the fit. The coefficients and standard error for the prediction of TEE of
adults, ages 19 years and older, are described in Appendix Table I-9 and
are summarized below. EERs for 30-year-old adult women and men of
various heights with BMIs from 18.5 up to 25 kg/m2 are shown in Table 5-22.
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EER for Men Ages 19 Years and Older
EER = 662 – (9.53 × age [y]) + PA × (15.91 × weight [kg]

+ 539.6 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.11 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.25 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.48 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

EER for Women Ages 19 Years and Older
EER = 354 – (6.91 × age [y]) + PA × (9.36 × weight [kg]

+ 726 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.45 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Pregnancy

Evidence Considered to Determine the Estimated Energy Requirement

Basal Metabolism. Basal metabolism increases during pregnancy due
to the metabolic contribution of the uterus and fetus and increased work
of the heart and lungs. The increase in basal metabolism is one of the
major components of the increased energy requirements during pregnancy
(Hytten, 1991a). Variation in energy expenditure between individuals is
largely due to differences in FFM, which in pregnancy is comprised of low
energy-requiring expanded blood volume, high energy-requiring fetal and
uterine tissues, and moderate energy-requiring skeletal muscle mass
(Hytten, 1991a). In late pregnancy, approximately one-half the increment
in energy expenditure can be attributed to the fetus (Hytten, 1991a). The
fetus uses about 8 ml O2/kg body weight/min or 56 kcal/kg body weight/d;
for a 3-kg fetus, this would be equivalent to 168 kcal/d (Sparks et al.,
1980). FM, a low energy-requiring tissue, contributes to the variation in
energy expenditure, but to a much lesser extent than FFM, which has
been found to be the strongest predictor of BEE (Butte et al., 1999).

The basal metabolism of pregnant women has been estimated longitu-
dinally in a number of studies using a Douglas bag, ventilated hood, or
whole-body respiration calorimeter (Durnin et al., 1987; Forsum et al.,
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TABLE 5-22  Estimated Energy Requirements (EER) for
Men and Women 30 Years of Agea

Weight for BMI Weight for BMI
Height of 18.5 kg/m2 of 24.99 kg/m2

(m [in]) PALb (kg [lb]) (kg [lb])

1.45 (57) Sedentary 38.9 (86) 52.5 (116)
Low active
Active
Very active

1.50 (59) Sedentary 41.6 (92) 56.2 (124)
Low active
Active
Very active

1.55 (61) Sedentary 44.4 (98) 60.0 (132)
Low active
Active
Very active

1.60 (63) Sedentary 47.4 (104) 64.0 (141)
Low active
Active
Very active

1.65 (65) Sedentary 50.4 (111) 68.0 (150)
Low active
Active
Very active

1.70 (67) Sedentary 53.5 (118) 72.2 (159)
Low active
Active
Very active

1.75 (69) Sedentary 56.7 (125) 76.5 (168)
Low active
Active
Very active

1.80 (71) Sedentary 59.9 (132) 81.0 (178)
Low active
Active
Very active

1.85 (73) Sedentary 63.3 (139) 85.5 (188)
Low active
Active
Very active
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continued

EER, Men (kcal/d)c EER, Women (kcal/d)d

BMI of BMI of BMI of BMI of
18.5 kg/m2 24.99 kg/m2 18.5 kg/m2 24.99 kg/m2

1,777 1,994 1,563 1,691
1,931 2,172 1,733 1,877
2,128 2,399 1,946 2,108
2,450 2,771 2,201 2,386

1,848 2,080 1,625 1,762
2,010 2,268 1,803 1,956
2,216 2,506 2,025 2,198
2,554 2,898 2,291 2,489

1,919 2,168 1,688 1,834
2,089 2,365 1,873 2,036
2,305 2,616 2,104 2,290
2,661 3,028 2,382 2,593

1,993 2,257 1,752 1,907
2,171 2,464 1,944 2,118
2,397 2,728 2,185 2,383
2,769 3,160 2,474 2,699

2,068 2,349 1,816 1,981
2,254 2,566 2,016 2,202
2,490 2,842 2,267 2,477
2,880 3,296 2,567 2,807

2,144 2,442 1,881 2,057
2,339 2,670 2,090 2,286
2,586 2,959 2,350 2,573
2,993 3,434 2,662 2,916

2,222 2,538 1,948 2,134
2,425 2,776 2,164 2,372
2,683 3,078 2,434 2,670
3,108 3,576 2,758 3,028

2,301 2,636 2,015 2,211
2,513 2,884 2,239 2,459
2,782 3,200 2,519 2,769
3,225 3,720 2,855 3,140

2,382 2,735 2,082 2,290
2,602 2,995 2,315 2,548
2,883 3,325 2,605 2,869
3,344 3,867 2,954 3,255
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1988; Goldberg et al., 1993; van Raaij et al., 1990). Cumulative changes in
BEE throughout pregnancy ranged from 29,636 to 50,300 kcal or 106 to
180 kcal/d (Table 5-23). Marked variation in the basal metabolic response
to pregnancy was seen in 12 British women measured before and through-
out pregnancy (Goldberg et al., 1993; Prentice et al., 1989). By 36 weeks of
gestation, the increment in absolute BEE ranged from 8.6 to 35.4 percent,
or –9.2 to 18.6 percent/kg FFM. Energy-sparing or energy-profligate
responses to pregnancy were dependent on prepregnancy body fatness. In
12 Dutch women, the late-pregnancy increment in absolute TEE varied
from 9.5 to 26 percent (de Groot et al., 1994). Mean increments in BEE
over prepregnancy values were 48, 96, and 263 kcal/d, or 4, 7, and 19
percent in the first, second, and third trimesters in healthy women with
positive pregnancy outcomes (Prentice et al., 1996b). The cumulative
increase in BEE was positively correlated with weight gain and body fatness.

Prediction equations for the BEE of pregnant women have not been
published. Nonpregnant prediction equations based on weight are not
accurate during pregnancy since metabolic rate increases disproportion-
ately to the increase in total body weight. Prentice and colleagues (1996b)
suggested that BEE could be predicted from weight using the Schofield
equations, plus an additional 48, 96, and 263 kcal/d during the first,
second, and third trimesters.

TABLE 5-22  Continued

Weight for BMI Weight for BMI
Height of 18.5 kg/m2 of 24.99 kg/m2

(m [in]) PALb (kg [lb]) (kg [lb])

1.90 (75) Sedentary 66.8 (147) 90.2 (198)
Low active
Active
Very active

1.95 (77) Sedentary 70.3 (155) 95.0 (209)
Low active
Active
Very active

a For each year below 30, add 7 kcal/d for women and 10 kcal/d for men. For each year
above 30, subtract 7 kcal/d for women and 10 kcal/d for men.
b PAL = physical activity level.
c EER for men calculated as: EER = 662 – (9.53 × age [y]) + PA × (15.91 × weight [kg] +
539.6 × height [m]), where PA is the physical activity coefficient of 1.00 for sedentary
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In late gestation, the anti-insulinogenic and lipolytic effects of human
chorionic somatomammotropin, prolactin, cortisol, and glucagon contrib-
ute to glucose intolerance, insulin resistance, decreased hepatic glycogen,
and mobilization of adipose tissue (Kalkhoff et al., 1978). Although levels
of serum prolactin, cortisol, glucagon, and fatty acids were elevated and
serum glucose levels were lower in one study, a greater utilization of fatty
acids was not observed during late pregnancy (Butte et al., 1999). On the
contrary, higher mean respiratory quotients (RQs) were observed for BEE
and TEE compared with the postpartum period. Higher basal RQs have
been observed in pregnancy by several (Bronstein et al., 1995; Denne et
al., 1991; Knuttgen and Emerson, 1974; van Raaij et al., 1989), but not all
(Spaaij et al., 1994b) investigators. These observations are consistent with
persistent glucose production in fasted pregnant women, despite lower
fasting plasma glucose concentrations. After fasting, the total rates of glu-
cose production and total gluconeogenesis were increased, even though
the fraction of glucose oxidized and the fractional contribution of gluco-
neogenesis to glucose production remained unchanged (Assel et al., 1993;
Kalhan et al., 1997). In pregnant women, the sustained energy expendi-
ture and higher RQ may reflect the obligatory oxygen consumption of the
fetus and the contribution of glucose as the primary oxidative substrate of
the fetus. In late gestation, the fetus is estimated to use 17 to 26 g/d of

EER, Men (kcal/d)c EER, Women (kcal/d)d

BMI of BMI of BMI of BMI of
18.5 kg/m2 24.99 kg/m2 18.5 kg/m2 24.99 kg/m2

2,464 2,837 2,151 2,371
2,694 3,107 2,392 2,637
2,986 3,452 2,692 2,971
3,466 4,018 3,053 3,371

2,548 2,940 2,221 2,452
2,786 3,222 2,470 2,728
3,090 3,581 2,781 3,074
3,590 4,171 3,154 3,489

PAL (≥ 1.0 < 1.4), 1.11 for low active PAL (≥ 1.4 < 1.6), 1.25 for active PAL (≥ 1.6 < 1.9),
and 1.48 for very active PAL (≥ 1.9 < 2.5).
d EER for women calculated as: EER = 354 – (6.91 × age [y]) + PA × (9.36 × weight [kg]
+ 726 × height [m]), where PA is the physical activity coefficient of 1.00 for sedentary
PAL, 1.12 for low active PAL, 1.27 for active PAL, and 1.45 for very active PAL.
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glucose (Hay, 1994), well within the increment of carbohydrate oxidation
observed in pregnancy.

Thermic Effect of Food. In studies of pregnant women, TEF has been
shown to be unchanged (Bronstein et al., 1995; Nagy and King, 1984;
Spaaij et al., 1994b) or lower (Schutz et al., 1988) than values of non-
pregnant women.

Physical Activity. Until late gestation, the gross energy cost of standard-
ized nonweight-bearing activity does not significantly change. In the last
month of pregnancy, the energy expended while cycling was increased on
the order of 10 percent. However, when corrected for increased BMR the
increased energy expenditure due to the activity of cycling was 6 percent
(Prentice et al., 1996b). The energy cost of standardized weight-bearing
activities such as treadmill walking was unchanged until 25 weeks of gesta-
tion, after which it increased by 19 percent (Prentice et al., 1996b). Stan-
dardized protocols, however, do not allow for behavioral changes in pace
and intensity of physical activity, which may occur and conserve energy
during pregnancy.

Growth of Maternal and Fetal Tissues. Gestational weight gain includes
the products of conception (fetus, placenta, and amniotic fluid) and
accretion of maternal tissues (uterus, breasts, blood, extracellular fluid,
and adipose). The energy cost of deposition can be calculated from the
amount of protein and fat deposited. Hytten (1991b) made theoretical

TABLE 5-23 Cumulative Changes in Basal Energy Expenditure
(BEE) Throughout Pregnancy

Pregravid
Weight

Reference n (kg [lb]) Gestation Interval

Durnin et al., 88 57.3±7.5 Prepregnancy to 40 wk
1987 (126.1±16.5)

van Raaij et al., 57 62.5±8.1 3 wk to term
1987 (137.5±17.8)

Forsum et al., 22 61.0± 9.9 Prepregnancy to 40 wk
1988 (134.2±21.8)

Goldberg et al., 12 61.7±8.8 Prepregnancy to 40 wk
1993 (135.7±19.3)

Kopp-Hoolihan 10 NA Prepregnancy to 35 wk
et al., 1999

a The Douglas bag technique of indirect calorimetry was used to estimate BEE.
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calculations based on a weight gain of 12.5 kg and birth weight of 3.4 kg.
The energy equivalents for protein and fat deposition were assumed to be
5.6 kcal/g and 9.5 kcal/g, respectively. The energy cost of tissue deposi-
tion was equivalent to 3.32 kcal/g gained (Table 5-24).

Current recommendations for weight gain during pregnancy are speci-
fied for a woman’s prepregnancy BMI (IOM, 1990). Total weight gain
during pregnancy varies widely among women. For normal-weight women,
the mean rate of weight gain is 1.6 kg in the first trimester and 0.44 kg/wk
in the second and third trimesters (IOM, 1990). For underweight women,
the mean rate of weight gain is 2.3 kg in the first trimester and 0.49 kg/wk
in the second and third trimesters. For overweight women, the mean rate
of weight gain is 0.9 kg in the first trimester and 0.30 kg/wk in the second
and third trimesters.

Fat gains associated with gestational weight gains within the IOM recom-
mended ranges were measured in 200 women with varying prepregnancy
BMIs using a four-component body composition model (Lederman et al.,
1997). The total energy deposition between 14 and 37+ weeks of gestation
was calculated based on an assumed protein deposition of 925 g of protein,
and energy equivalences of 5.65 kcal/g of protein and 9.25 kcal/g of fat
(Table 5-25).

Empirical data on the longitudinal changes in the body composition
of well-nourished, normal weight (prepregnancy BMI from 18.5 up to
25 kg/m2) pregnant women were used to estimate the energy deposition
during pregnancy. Studies in which a prepregnancy baseline or first tri-
mester value was available and methodology was appropriately corrected

Cumulative Cumulative Method Used
Increase in Increase in to Estimate
BEE (kcal) BEE (kcal/d) BEE

30,114 108 Indirect calorimetrya

34,416 133 Indirect calorimetrya

50,300 180 DLW

29,636 106 DLW

36,089 147 DLW
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TABLE 5-25 Estimated Energy Deposition During Pregnancy

Prepregnancy Recommended Estimated
Body Mass Gestational Actual Fat Energy
Index (BMI) Weight Gaina GWG Gain Depositionb

(kg/m2) (GWG) (kg [lb]) (kg [lb]) (kg) (kcal)

Low (BMI < 19.8) 12.5–18.0 (28–40) 12.6±2.4 6.0±2.6 60,726
(28±5.3)

Normal (BMI = 11.5–16.0 (25–35) 12.1±3.4 3.8±3.5 40,376
19.8–26.0) (27±7.5)

High (BMI > 7.0–11.5 (15–25) 9.1±3.1 2.8±4.1 31,126
26.0–29.0) (20±6.8)

Obese (BMI > 29.0) At least 6.8 (15)c 6.9±4.4 –0.6±4.6 –324
(15±9.7)

a As recommended by IOM (1990).
b Calculated based on assumed 5.65 kcal/g of protein gained and 9.25 kcal/g of fat
gained.
c Lederman et al. (1997), used 7–9.2 kg (15–20 lb).
SOURCE: Adapted from Lederman et al. (1997).

TABLE 5-24 Theoretical Energy Cost of Tissue Deposition
During Pregnancy

Protein Fat
Protein Fat Gain Gain Total Energy
Gain (g) Gain (g) (kcal) (kcal) Depositiona (kcal)

Fetus 440 440 2,464 4,180 6,644
Placenta 100 4 560 38 598
Amniotic fluid 3 0 17 0 17
Uterus 166 4 930 38 968
Breasts 81 12 454 114 568
Blood 135 20 756 190 946
Maternal stores 3,345 31,778 31,778
Total 925 3,825 5,180 36,338 41,518

a Based on 5.6 kcal/g for protein gained and 9.5 kcal/g for fat gained.
SOURCE: Adapted from Hytten (1991b).

for pregnancy-induced changes in the hydration or density of FFM were
used (Table 5-26). Total energy deposition during pregnancy was estimated
from the mean fat gain of 3.7 kg from these studies, plus an assumed
deposition of 925 g of protein, applying energy equivalencies of 5.65 kcal/g
of protein and 9.25 kcal/g of fat. Mean total energy deposition was equal
to 39,862 kcal or 180 kcal/d (Table 5-26).
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Total Energy Expenditure. The DLW method has been employed in four
studies of well-nourished, pregnant women to measure free-living TEE
(Forsum et al., 1992; Goldberg et al., 1991b, 1993; Kopp-Hoolihan et al.,
1999) (Table 5-27). There appeared to be a steady decrease in PAL as
pregnancy advanced, primarily due to the increase in the denominator,
BEE. In the British (Goldberg et al., 1993) and Swedish women (Forsum
et al., 1992) studied, the energy expenditure for activity (TEE – BEE)
decreased in the 36th week of gestation; this decrease was not observed in
the American women (Kopp-Hoolihan et al., 1999).

EER Summary, Pregnancy

The DLW database on pregnant women with prepregnancy BMIs from
18.5 up to 25 kg/m2 (Appendix Table I-4) consists of longitudinal mea-
surements of TEE throughout pregnancy, and in most cases includes a
TEE measurement prior to pregnancy. Therefore, the average TEE
change/gestational week was computed for each woman, and the median
value of these data were assumed to represent the general trend. The
median change in TEE was 8 kcal per week of gestation with a range of –57
to 107 kcal/wk. There was great variability in the average TEE change/
week between women and studies; however, few predictive factors were
identified. The change in TEE was not related to maternal age,
prepregnancy weight, prepregnancy BMI, or weight gain or loss during
pregnancy. The change in TEE, however, is negatively correlated to the
baseline PAL.

The EER for energy during pregnancy is derived from the sum of the
TEE of the woman in the nonpregnant state plus a median change in TEE
of 8 kcal/wk plus the energy deposition during pregnancy of 180 kcal/d
(Table 5-26). Since TEE changes little and weight gain is minor during the
first trimester, no increase in energy intake during the first trimester is
recommended.

EER for Pregnancy
14–18 years
EERpregnant = adolescent EERnonpregnant + additional

energy expended during pregnancy + energy deposition
1st trimester = adolescent EER + 0 + 0
2nd trimester = adolescent EER + 160 kcal (8 kcal/wk × 20 wk)

+ 180 kcal
3rd trimester = adolescent EER + 272 kcal (8 kcal/wk × 24 wk)

+ 180 kcal
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19–50 years
EERpregnant = EERnonpregnant + additional energy expended

during pregnancy + energy deposition
1st trimester = adult EER + 0 + 0
2nd trimester = adult EER + 160 kcal (8 kcal/wk × 20 wk)

+ 180 kcal
3rd trimester = adult EER + 272 kcal (8 kcal/wk × 34 wk)

+ 180 kcal

TABLE 5-26 Energy Deposition During Pregnancy

Observed Body
Gestation Gestational Weight Composition

Reference n Interval (wk) Gain (kg [lb]) Methoda

Pipe et al., 1979 27 12–37 10.40 (23) TBW
TBK

Forsum et al., 1988 22 0–36 13.60 (30) TBW
TBK

van Raaij et al., 1988 42 11–35 9.15 (20) UWW
11.60 (26)

Goldberg et al., 1993 12 0–36 11.91 (26) TBW

de Groot et al., 1994 12 0–34 11.70 (26) UWW

Lederman et al., 1997 46 14–37 12.10 (27) TBW
UWW
BMC

Lindsay et al., 1997 27 0–33/36 12.61 (28) UWW

Sohlstrom and 16 0–5/10 d 15.80 (35) MRI
Forsum, 1997 postpartum

Kopp-Hoolihan et al., 10 0–34 11.60 (26) TBW
1999 UWW

BMC

Mean

a TBW = total body water, TBK = total body potassium, UWW = underwater weighing,
BMC = bone mineral content, MRI = magnetic resonance imaging.
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Lactation

Evidence Considered in Determining the Estimated Energy
Requirement

Basal Metabolism. Increased RMRs and SMRs have been observed in
lactating women on the order of 4 to 5 percent (Butte et al., 1999; Forsum
et al., 1992; Sadurskis et al., 1988; Spaaij et al., 1994a). The increased
energy expenditure is consistent with the additional energy cost of milk
synthesis. Others have reported lower (Guillermo-Tuazon et al., 1992) or

Theoretical Measured Energy Energy Energy
Protein Fat Gain Deposition Depositionc Deposition
Gainb (kg) (kg) (kcal) (kcal/d) (kcal/g)

0.925 2.40 27,426 157 2.64

0.925 5.8 58,876 234 4.33

0.925 1.9 22,801 136 2.49

0.925 2.8 31,126 124 2.61

0.925 3.4 36,676 154 3.13

0.925 3.8 40,376 251 3.34

0.925 5.9 59,801 247 4.74

0.925 3.6 38,526 138 2.44

0.925 4.5 43,151 176 3.85

3.7 38,862 180

b From Hytten (1991b) (see Table 5-24).
c Based on 5.65 kcak/g of protein gained and 9.25 kcal/g of fat gained.
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similar BEE or RMR in lactating women compared to the nonlactating
state (Frigerio et al., 1991; Goldberg et al., 1991b; Illingworth et al., 1986;
Motil et al., 1990; Piers et al., 1995b; van Raaij et al., 1991). Interpretation
of these studies is difficult because BEE or RMR was not always adjusted
for differences in body weight or body composition between comparison
groups. In general, it would appear that BEE or RMR is unchanged or
slightly elevated during lactation; there is little evidence of energy conser-
vation.

Higher RQs and rates of carbohydrate utilization have been reported
in lactating compared with nonlactating women, consistent with the pref-
erential use of glucose by the mammary gland (Butte et al., 1999). Con-
flicting results of lower fasting RQ (0.82 versus 0.85) (Spaaij et al., 1994a),
as well as no significant differences in RQ during lactation, have been
reported (Frigerio et al., 1991; Piers et al., 1995b; van Raaij et al., 1991).

Thermic Effect of Food. TEF was reported to be 30 percent lower during
than after lactation in one study (Illingworth et al., 1986), but unchanged

TABLE 5-27 Doubly Labeled Water Pregnancy Studies

Pregravid Gestational
Gestation Weight Weight

Reference n Week (kg) Gain (kg)

Goldberg et al., 1991b 10 36 — —

Forsum et al., 1992 22 0 60.8 13.5
22 16–18
22 30
19 36

Goldberg et al., 1993 12 0 61.7 11.91
6

12
18
24
30
36

Kopp-Hoolihan et al., 1999 10 0 — 11.6
8–10

24–26
34–36

a Physical activity level = total energy expenditure/basal energy expenditure.
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in another (Spaaij et al., 1994a). Although results are conflicting, it is
unlikely that TEF contributes significantly to the energetic economy of
lactating women.

Physical Activity. Theoretically, the energy cost of lactation could be
met by a reduction in the time spent in physical activity or an increase in
the efficiency of performing routine tasks. The energetic cost of
nonweight-bearing and weight-bearing activities has been measured in lac-
tating women (Spaaij et al., 1994a; van Raaij et al., 1990). Adaptations in
the level of physical activity are not always seen in lactating women. Reduc-
tions in physical activity have been reported in early lactation (4 to 5 weeks
postpartum) in the Netherlands (van Raaij et al., 1991), the United States
(Butte et al., 2001), and Great Britain (Goldberg et al., 1991b). Physical
activity increased in the lactating Dutch women from 5 to 27 weeks post-
partum (van Raaij et al., 1991). By 3 months postpartum, the American
women (Butte et al., 2001) had resumed their prepregnancy occupational
and recreational lifestyles in addition to their child-rearing responsibilities

Total Activity
Energy Physical Energy
Expenditure Activity Expenditure
(kcal/d) Levela (kcal/d)

2,470 1.42 731

2,484 1.87 1,147
2,293 1.65 860
2,986 1.82 1,338
2,914 1.66 1,171

2,274 1.58 835
2,322 1.54 818
2,426 1.64 939
2,456 1.65 964
2,621 1.66 1,042
2,675 1.62 1,026
2,688 1.50 885

2,205 1.68 892
2,047 1.57 743
2,410 1.56 867
2,728 1.61 1,038
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and their physical activity had returned to prepregnancy levels. While a
decrease in moderate and discretionary activities appears to occur in most
lactating women in the early postpartum period, activity patterns beyond
this period are highly variable.

Total Energy Expenditure. TEEs of lactating women have been mea-
sured by the DLW method in five studies (Butte et al., 2001; Forsum et al.,
1992; Goldberg et al., 1991b; Kopp-Hoolihan et al., 1999; Lovelady et al.,
1993) as shown in Table 5-28. There are several potential sources of error
in using the DLW method in lactation studies. These sources of error may
be attributed to isotope exchange and sequestration that occurs during
the de novo synthesis of milk fat and lactose, and to increased water flux
into milk (Butte et al., 2001). Underestimation of carbon dioxide by 1.0 to
1.3 percent may theoretically occur due to the export of exchangeable
hydrogen bound to solids in milk (IDECG, 1990). This underestimation
may increase to 1.5 to 3.4 percent due to 2H sequestration.

As shown in Table 5-28, mean TEE values of 2,391 kcal/d (PAL = 1.79)
(Butte et al., 2001) and 2,413 kcal/d (PAL = 1.76) (Lovelady et al., 1993)
in American women were higher than average values reported for British
women (2,139 kcal/d; PAL = 1.55) (Goldberg et al., 1991b), and lower
than average values in Swedish women (2,556 kcal/d, PAL = 1.80) (Forsum
et al., 1992) during lactation. The energy expended in activity (TEE –

TABLE 5-28 Doubly Labeled Water Lactation Studies

Total Total
Stage of Energy Energy Basal
Lactation Expenditure Expenditure Estimation

Reference n (mo) (kcal/d) (kcal/kg/d) (kcal/d)

Goldberg et al., 10 1 2,109 35.8 1,406
1991b 2 2,171 36.9 1,397

3 2,138 36.5 1,345
Forsum et al., 1992 23 2 2,532 39.3 1,409

6 2,580 41.0 1,433
Lovelady et al., 1993 9e 3–6 2,413 37.2 1,376
Kopp-Hoolihan 10 1 2,146 — 1,328

et al., 1999
Butte et al., 2001f 24 3 2,391 38.1 1,331

a Unless otherwise noted AEE includes TEF.
b Estimated to be 0.67 kcal/g (Butte et al., 1984a, 1984b; Neville, 1995).
c Observed change in body composition during lactation.
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BEE) ranged from 700 to 1,100 kcal/d in American, British, and Swedish
lactating women.

Milk Energy Output. Milk energy output is computed from milk pro-
duction and the energy density of human milk. Milk production rates
increase during the first 6 months of full lactation. Beyond 6 months post-
partum, typical milk production rates are variable and depend on weaning
practices. Mean milk production rates of American women were 0.78 L/d
in term infants from birth through 6 months of age (Allen et al., 1991;
Heinig et al., 1993), and 0.6 L/d in term infants from 7 through 12 months
of age (Dewey et al., 1984).

The energy density of human milk has been measured by bomb
calorimetry or proximate macronutrient analysis of representative 24-hour
pooled milk samples. The mean energy density of human milk ranged
from 0.64 to 0.74 kcal/g (Butte et al., 1984a, 1984b; Neville, 1995). The
value of 0.67 kcal/g is used in this report.

Energy Mobilization. The changes in weight and therefore energy
mobilization from tissues occur in some, but not all, lactating women
(Butte and Hopkinson, 1998; Butte et al., 2001; IOM, 1991). In general,
during the first 6 months postpartum, well-nourished lactating women
experience a mild, gradual weight loss, averaging –0.8 kg/mo (Butte et al.,

Activity Milk
Energy Physical Energy Energy Energy
Expenditurea Activity Outputb Mobilizationc Requirementd

(kcal/d) Level (kcal/d) (kcal/d) (kcal/d)

703 1.50 536 Gained fat 2,645
774 1.55 532 mass 2,703
793 1.59 530 2,668

1,123 1.82 502 72 2,962
1,123 1.79
1,037 1.75 538 287 2,664

816 1.62 — — —

1,061 1.79 483 155 2,719

d Energy requirement = measured TEEDLW + energy of milk output – energy mobilized
from tissues.
e All subjects breast-fed, except one.
f TEF only for Butte et al. (2001). TEF was 239.



200 DIETARY REFERENCE INTAKES

2001). In some women, the energy costs of lactation may be met by an
increase in energy intake or a decrease in physical activity, with no change
or even an increase in weight or FM.

After monitoring FM in 23 Swedish women, Sadurskis and colleagues
(1988) found that FM decreased from 34.3 to 32.4 percent from 2 to 6
months postpartum by 18O dilution and total body potassium counting.
Consistent with a minor weight loss and sedentary lifestyle, British women
(n = 10) displayed a nonsignificant increase in percent of FM (30.3 to 31.4
percent between 1 to 3 months postpartum) estimated by 2H and 18O
dilution (Goldberg et al., 1991b). In American women, FM decreased from
28.0 percent at 1 month to 26.3 percent at 4 months postpartum, mea-
sured by underwater weighing (Butte et al., 1984b). Changes in adipose
tissue volume in 15 Swedish women were measured by magnetic resonance
imaging (Sohlstrom and Forsum, 1995). In the first 6 months postpartum,
the subcutaneous region accounted for the entire reduction in adipose
tissue volume, which decreased from 23.2 L to 20.0 L; nonsubcutaneous
adipose tissue volume actually increased. Mobilization of tissue reserves is
a general, but not obligatory, feature of lactation.

Total Energy Requirements. The energy requirements of lactating
women were estimated from measurements of TEE, milk energy output,
and energy mobilization from tissue stores in the following studies in which
DLW was used (Butte et al., 2001; Forsum et al., 1992; Goldberg et al.,
1991b; Lovelady et al., 1993) (Table 5-28). In the 10 lactating British
women, the total energy requirements (and net energy requirements, since
there was no fat mobilization) were 2,646, 2,702, and 2,667 kcal/d (11.1,
11.3, and 11.2 MJ/d) at 1, 2, and 3 months postpartum, respectively. Milk
energy output averaged 533 kcal/d (2.2 MJ/d) (Goldberg et al., 1991b).
In 23 lactating Swedish women, the total energy requirement at 2 months
postpartum was 3,034 kcal/d (12.7 MJ/d), offset by 72 kcal/d (0.3 MJ/d)
from tissue stores to yield a net requirement of 2,962 kcal/d (12.4 MJ/d)
(Forsum et al., 1992). In nine lactating American women, the total energy
requirement was 2,413 kcal/d (10.1 MJ/d), with 538 kcal/d (2.3 MJ/d)
exported into milk and 287 kcal/d (1.2 MJ/d) mobilized from tissues,
yielding a net requirement of 2,663 kcal/d (11.1 MJ/d) (Lovelady et al.,
1993). Data from other lactating American women (Butte et al., 2001) give
similar results. The women in the above studies were fully breastfeeding
their infants, who were less than 6 months of age. In these studies, mean
milk energy outputs during full lactation were similar (483 to 538 kcal/d
or 2.0 to 2.3 MJ/d). The energetic inefficiency of milk synthesis is encom-
passed in the measurement of TEE.
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The stage and extent of breastfeeding affect the incremental energy
requirements for lactation. During the first 6 months of lactation, milk
production rates are increased (Butte et al., 2001). Customary milk pro-
duction rates beyond 6 months postpartum typically vary and depend on
weaning practices (Butte et al., 2001).

EER Summary, Lactation

The DLW database provided TEE values for lactating women with
prepregnancy BMIs from 18.5 up to 25 kg/m2 at 1, 2, 3, 4, and 6 months
postpartum (Appendix Table I-5). Analysis of the DLW database showed a
small but significant change in TEE over these postpartum time periods
(ANOVA, P = 0.05). A comparison was made between observed TEE of
lactating women and TEE calculated from age, height, weight, and PAL
using the prediction equation for adult women (see earlier section, “Adults
Ages 19 Years and Older”). At 1 month postpartum, observed TEE was
about 200 kcal less than predicted, while no differences were apparent at
later months. For derivation of the EER for lactation, the TEE is based on
the EER for normal-weight adult women using current age, weight, and PAL.

The EERs to be used during lactation are estimated from TEE, milk
energy output, and energy mobilization from tissue stores. Because adap-
tations in basal metabolism and physical activity are not evident in well-
nourished women, energy requirements of lactating women are met par-
tially by mobilization of tissue stores, but primarily from the diet. In the
first 6 months postpartum, well-nourished lactating women experience an
average weight loss of 0.8 kg/mo, which is equivalent to 170 kcal/d
(6,500 kcal/kg) (Butte and Hopkinson, 1998). Weight stability is assumed
after 6 months postpartum. Milk production rates average 0.78 L/d from
birth through 6 months of age and 0.6 L/d from 7 through 12 months of
age. At 0.67 kcal/g of milk (Table 5-18), the milk energy output would be
523 kcal/d, which is rounded to 500 kcal/d, in the first 6 months and
402 kcal/d, which is rounded to 400 kcal/d, in the second 6 months of
lactation.

EER for Lactation
14–18 Years
EERlactation = adolescent EERprepregnancy + milk energy output

– weight loss
1st 6 mo adolescent EER + 500 – 170
2nd 6 mo adolescent EER + 400 – 0
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19–50 Years
EERlactation = adult EERprepregnancy + milk energy output

– weight loss
1st 6 mo adult EER + 500 – 170
2nd 6 mo adult EER + 400 – 0

Special Considerations

Method Used to Estimate Weight Maintenance in Overweight and
Obese Adults

Since Dietary Reference Intakes are designed to apply to apparently
health individuals, the EERs are defined as values appropriate for mainte-
nance of long-term good health. Overweight and obese individuals have
greater weight than is consistent with long-term good health, thus EER
values given in previous sections are not intended for overweight or obese
individuals or for those who desire to lose weight. Instead, weight mainte-
nance TEE values are discussed, along with information on the relation-
ship between reduction in energy intake and change in body composition.

Equations to predict TEE for all adults from age, height, weight, gender,
and activity level were generated from the combined DLW database of
normal, overweight, and obese individuals (Appendix Tables I-3 and I-7).
In addition, the DLW database of overweight and obese individuals (Appen-
dix Table I-7) was used to generate equations to predict TEE in overweight
and obese adult men and women (BMI 25 kg/m2 and higher) from age,
height, weight, and physical activity category using nonlinear regression.
PAL categorization was determined using the adults’ observed BEE. Data
were not used in the derivation of the TEE equations if the PAL value was
less than 1.0 or greater than 2.5.

The coefficients and standard error derived for only overweight and
obese men and women are provided in Appendix Table I-10. For the over-
weight and obese equations, the standard deviations of the residuals ranged
from 190 to 331, with the highest value in the very active PAL category.
The equations are shown below (see Table I-10 for coefficients used).

Overweight and Obese Men Ages 19 Years and Older
TEE = 1086 – (10.1 × age [y]) + PA × (13.7 × weight [kg]

+ 416 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
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PA = 1.29 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.59 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Overweight and Obese Women Ages 19 Years and Older
TEE = 448 – (7.95 × age [y]) + PA × (11.4 × weight [kg]

+ 619 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.16 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.44 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Method Used to Estimate Weight Maintenance in Normal-weight,
Overweight, and Obese Adults

TEE predictive equations were also developed combining normal-
weight, overweight, and obese adults (BMI 18.5 kg/m2 and higher) as
mentioned earlier; the coefficients and standard errors are shown in
Appendix Table I-11. Mean of the residuals did not differ from zero. For
the combined data sets, the standard deviations of the residuals ranged
from 182 to 321.

The adult predictive equations for TEE were subjected to statistical
testing of their estimated coefficients and asymptotic standard deviations
using a chi-square distribution (Hotelling T-squared test). The specific
equations for the overweight and obese men and women (BMI from
25 kg/m2 and higher) given above were not statistically different from the
equations derived solely from normal-weight individuals given in the previ-
ous section (BMI from 18.5 up to 25 kg/m2; P > 0.99) or normal plus
overweight and obese individuals shown below (BMI from 18.5 kg/m2 and
higher; P = 0.96–0.99).

In addition, the equations generated to predict TEE from the com-
bined data set of normal plus overweight and obese individuals had a
larger sample size, thus reducing the standard error of the coefficients,
and improved the continuity of predicted TEEs at the BMI junction
between normal-weight and overweight individuals. For these reasons, the
combined data from normal-weight and overweight and obese individuals
were used to develop equations to predict TEE in overweight and obese
adults. The resulting equations, described in the following sections, are
accurate for use in both normal-weight and overweight and obese adults,
and are thus suitable for prediction of energy requirements both in over-
weight and obese groups and in mixed groups containing normal-weight
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and overweight adults. The equations are shown below (see Table I-11 for
coefficients used).

Normal-weight, Overweight, and Obese Men Ages 19 Years and Older
TEE = 864 – (9.72 × age [y]) + PA × (14.2 × weight [kg]

+ 503 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.54 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Normal-weight, Overweight, and Obese Women Ages 19 Years and Older
TEE = 387 – (7.31 × age [y]) + PA × (10.9 × weight [kg]

+ 660.7 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.14 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.45 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Current consensus guidelines for the management of obesity in adults
(BMI 30 kg/m2 and higher) recommend weight loss of around 10 percent
of initial weight over a 6-month period (NIH, 2000). For overweight indi-
viduals (BMI from 25 up to 30 kg/m2) who have no other risk factors, a
motivation and desire to lose weight is an important consideration for
recommending weight loss. Persons who do not wish to lose weight should
receive advice and monitoring aimed at weight maintenance and risk
reduction. Nevertheless, there is consensus that BMIs of 25 kg/m2 and
higher increase risk of premature morbidity and mortality (Chan et al.,
1994; Colditz GA et al., 1995; Rimm et al., 1995; Stevens et al., 1998; Willett
et al., 1999), and that relatively modest weight loss can improve blood
pressure (Huang Z et al., 1998; Kannel et al., 1967; Reisin et al., 1978;
Schotte and Stunkard, 1990), serum lipid (Grundy et al., 1979; Kesaniemi
and Grundy, 1983; Osterman et al., 1992; Wood et al., 1988, 1991), and
glucose tolerance (Amatruda et al., 1988; Doar et al., 1975; Hadden et al.,
1975; Wing et al., 1991).
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Rationale for Recommending Use of Equations Based on Combined
Database for Overweight and Obese Individuals

Tables 5-29 and 5-30 show 24-h BEE and TEE values for 30-year-old
men and women of different BMIs. The tables illustrate that obese men
and women have consistently higher TEE than normal-weight men and
women of comparable height and PAL, which implies that, on average,
overweight and obese individuals need to consume more dietary energy to
maintain weight than individuals within the healthy weight range to main-
tain their larger body weights.

The following predictive equations for BEE were derived from the
observed BEE values in the DLW database (Appendix Tables I-3 and I-7):

For normal-weight men:
BEE (kcal/d) = 204 – (4 × age [y]) + 450.5 × height (m)

+ 11.69 × weight (kg)
residual = 0 ± 149, R2 = 0.46.

For normal-weight, overweight, and obese men:
BEE (kcal/d) = 293 – (3.8 × age [y]) + 456.4 × height (m)

+ 10.12 × weight (kg)
residual = 0 ± 156, R2 = 0.64.

For normal-weight women:
BEE (kcal/d) = 255 – 2.35 × age (y) + 361.6 × height (m)

+ 9.39 × weight (kg)
residual = ± 125, R2 = 0.39.

For normal-weight, overweight, and obese women:
BEE (kcal/d) = 247 – (2.67 × age [y]) + 401.5 × height (m)

+ 8.60 × weight (kg)
residual = ± 156, R2 = 0.62.

The residuals (differences between the observed and predicted BEE)
can be compared with the differences between the BEE values calculated
for the adults in the DLW database using the BEE predictive equations by
Henry (2000) and WN Schofield (1985) based on body weight, and the
predictive BEE equation of WN Schofield (1985) based on body weight
and height and the observed BEE in the DLW database. These differences
(averages ± standard deviation [SD]) are: –35 ± 168, –9 ± 169, and –34 ± 184
in men, and –33 ± 134, 8 ± 137, and 16 ± 135 in women, respectively.

For the normal-weight adults with BMIs from 18.5 up to 25 kg/m2 in
Tables 5-29 and 5-30, BEE was calculated using the above BEE prediction
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TABLE 5-29 Basal and Total Daily Energy Expenditure in
Men 30 Years of Age as Calculated from Total Energy
Expenditure (TEE) Equations for Normal-weight, Overweight,
and Obese Mena

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.45 BEE 38.9 47.3 52.5 52.6 63.1 73.6 84.1
(57) Sedentary (86) (104) (116) (116) (139) (162) (185)

Low active
Active
Very active

1.50 BEE 41.6 50.6 56.2 56.3 67.5 78.8 90.0
(59) Sedentary (92) (111) (124) (124) (149) (173) (198)

Low active
Active
Very active

1.55 BEE 44.4 54.1 60.0 60.1 72.1 84.1 96.1
(61) Sedentary (98) (119) (132) (132) (159) (185) (211)

Low active
Active
Very active

1.60 BEE 47.4 57.6 64.0 64.0 76.8 89.6 102.4
(63) Sedentary (104) (127) (141) (141) (169) (197) (225)

Low active
Active
Very active

1.65 BEE 50.4 61.3 68.0 68.1 81.7 95.3 108.9
(65) Sedentary (111) (135) (150) (150) (180) (210) (240)

Low active
Active
Very active

1.70 BEE 53.5 65.0 72.2 72.3 86.7 101.2 115.6
(67) Sedentary (118) (143) (159) (159) (191) (223) (254)

Low active
Active
Very active

1.75 BEE 56.7 68.9 76.5 76.6 91.9 107.2 122.5
(69) Sedentary (125) (152) (168) (168) (202) (236) (270)

Low active
Active
Very active
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continued

TEEc (kcal/d) for a Body Mass Index (kg/m2) of:

18.5 22.5 24.99 25 30 35 40

1,192 1,290 1,351 1,373 1,479 1,585 1,692
1,777 1,911 1,994 2,048 2,197 2,347 2,496
1,931 2,080 2,172 2,225 2,393 2,560 2,727
2,128 2,295 2,399 2,447 2,636 2,826 3,015
2,450 2,648 2,771 2,845 3,075 3,305 3,535

1,246 1,352 1,417 1,433 1,547 1,661 1,774
1,848 1,991 2,080 2,126 2,285 2,445 2,605
2,010 2,169 2,268 2,312 2,491 2,670 2,849
2,216 2,395 2,506 2,545 2,748 2,951 3,154
2,554 2,766 2,898 2,964 3,210 3,456 3,702

1,302 1,414 1,484 1,494 1,616 1,737 1,859
1,920 2,073 2,168 2,205 2,376 2,546 2,717
2,089 2,259 2,365 2,401 2,592 2,783 2,974
2,305 2,497 2,616 2,646 2,862 3,079 3,296
2,661 2,887 3,028 3,087 3,349 3,612 3,875

1,358 1,478 1,553 1,557 1,686 1,816 1,946
1,993 2,156 2,257 2,286 2,468 2,650 2,831
2,171 2,352 2,464 2,492 2,695 2,899 3,102
2,397 2,601 2,728 2,749 2,980 3,210 3,441
2,769 3,010 3,160 3,211 3,491 3,771 4,051

1,416 1,543 1,623 1,621 1,759 1,896 2,034
2,068 2,241 2,349 2,369 2,562 2,755 2,949
2,254 2,446 2,566 2,584 2,801 3,017 3,234
2,491 2,707 2,842 2,854 3,099 3,345 3,590
2,880 3,136 3,296 3,339 3,637 3,934 4,232

1,475 1,610 1,694 1,686 1,832 1,979 2,125
2,144 2,328 2,442 2,453 2,659 2,864 3,069
2,339 2,542 2,670 2,679 2,909 3,139 3,369
2,586 2,816 2,959 2,961 3,222 3,483 3,743
2,993 3,265 3,434 3,469 3,785 4,101 4,417

1,535 1,678 1,767 1,753 1,907 2,062 2,217
2,222 2,417 2,538 2,540 2,757 2,975 3,192
2,425 2,641 2,776 2,776 3,019 3,263 3,507
2,683 2,927 3,079 3,071 3,347 3,623 3,899
3,108 3,396 3,576 3,602 3,937 4,272 4,607
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equations for normal-weight men and women, and TEE was calculated
utilizing the EER equations in the section “Adults Ages 19 Years and Older.”
For overweight and obese adults with BMIs from 25 up to 40 kg/m2, the
above BEE prediction equations for normal, overweight, and obese men
and women were utilized to calculate BEE, and the above TEE equations
for normal, overweight, and obese individuals were used to predict the
TEE. The differences between the predictions made for BMI of 24.99 kg/m2

and BMI of 25 kg/m2 in Tables 5-29 and 5-30 show that the discrepancies
at the junction of the two prediction ranges are essentially negligible as
average differences (± SD) are 0.4 ± 2.1 percent in men, and 0.9 ± 1.1 per-
cent in women, respectively.

TABLE 5-29 Continued

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.80 BEE 59.9 72.9 81.0 81.0 97.2 113.4 129.6
(71) Sedentary (132) (160) (178) (178) (214) (249) (285)

Low active
Active
Very active

1.85 BEE 63.3 77.0 85.5 85.6 102.7 119.8 136.9
(73) Sedentary (139) (169) (188) (188) (226) (264) (301)

Low active
Active
Very active

1.90 BEE 66.8 81.2 90.2 90.3 108.3 126.4 144.4
(75) Sedentary (147) (179) (198) (199) (239) (278) (318)

Low active
Active
Very active

1.95 BEE 70.3 85.6 95.0 95.1 114.1 133.1 152.1
(77) Sedentary (155) (188) (209) (209) (251) (293) (335)

Low active
Active
Very active

a For each year below 30, add 4 kcal/d to BEE and 10 kcal/d to TEE. For each year
above 30, subtract 4 kcal/d from BEE and 10 kcal/d from TEE. Equations determined
from combined DLW databases (Appendix Table I-11).
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Weight Reduction in Overweight and Obese Adults

When obese individuals need to lose weight, the necessary negative
energy balance can theoretically be achieved by either a reduction in
energy intake or an increase in energy expenditure of physical activity
(EEPA). Most usually, a combination of both is desirable (NIH, 2000)
because it is hard to achieve the high levels of negative energy balance
necessary for 1 to 2 lb/wk weight loss with exercise alone. In support of
this contention, meta-analyses show very low levels of weight loss in struc-
tured exercise programs (Ballor and Keesey, 1991), but at the same time
several studies suggest that the combination of dietary change and
increased physical activity appears effective for promoting weight loss and
successful weight maintenance after weight loss, perhaps by promoting

TEEc (kcal/d) for a Body Mass Index (kg/m2) of:

18.5 22.5 24.99 25 30 35 40

1,596 1,747 1,841 1,820 1,984 2,148 2,312
2,301 2,507 2,635 2,628 2,858 3,088 3,318
2,513 2,742 2,884 2,875 3,132 3,390 3,648
2,782 3,040 3,200 3,183 3,475 3,767 4,059
3,225 3,530 3,720 3,738 4,092 4,447 4,801

1,658 1,818 1,917 1,889 2,062 2,236 2,409
2,382 2,600 2,735 2,718 2,961 3,204 3,447
2,602 2,844 2,995 2,975 3,248 3,520 3,792
2,883 3,155 3,325 3,297 3,606 3,915 4,223
3,344 3,667 3,867 3,877 4,251 4,625 4,999

1,721 1,889 1,995 1,959 2,142 2,325 2,507
2,464 2,694 2,837 2,810 3,066 3,322 3,579
2,694 2,949 3,107 3,078 3,365 3,652 3,939
2,986 3,273 3,452 3,414 3,739 4,065 4,390
3,466 3,806 4,018 4,018 4,412 4,807 5,202

1,785 1,963 2,073 2,031 2,223 2,416 2,608
2,548 2,790 2,940 2,903 3,173 3,443 3,713
2,786 3,055 3,222 3,183 3,485 3,788 4,090
3,090 3,393 3,581 3,532 3,875 4,218 4,561
3,590 3,948 4,171 4,162 4,578 4,993 5,409

b PAL = physical activity level, BEE = basal energy expenditure.
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TABLE 5-30 Basal and Total Daily Energy Expenditure in
Women 30 Years of Age as Calculated from Total Energy
Expenditure (TEE) Equations for Normal-weight, Overweight,
and Obese Womena

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.45 BEE 38.9 45.2 52.5 52.6 63.1 73.6 84.1
(57) Sedentary (86) (100) (116) (116) (139) (162) (185)

Low active
Active
Very active

1.50 BEE 41.6 48.4 56.2 56.3 67.5 78.8 90.0
(59) Sedentary (92) (107) (124) (124) (149) (174) (198)

Low active
Active
Very active

1.55 BEE 44.4 51.7 60.0 60.1 72.1 84.1 96.1
(61) Sedentary (98) (114) (132) (132) (159) (185) (212)

Low active
Active
Very active

1.60 BEE 47.4 55.0 64.0 64.0 76.8 89.6 102.4
(63) Sedentary (104) (121) (141) (141) (169) (197) (226)

Low active
Active
Very active

1.65 BEE 50.4 58.5 68.0 68.1 81.7 95.3 108.9
(65) Sedentary (111) (129) (150) (150) (180) (210) (240)

Low active
Active
Very active

1.70 BEE 53.5 62.1 72.2 72.3 86.7 101.2 115.6
(67) Sedentary (118) (137) (159) (159) (191) (223) (255)

Low active
Active
Very active

1.75 BEE 56.7 65.8 76.5 76.6 91.9 107.2 122.5
(69) Sedentary (125) (145) (169) (169) (202) (236) (270)

Low active
Active
Very active
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TEE (kcal/d) for a Body Mass Index (kg/m2)of:

18.5 22.5 24.99 25 30 35 40

1,074 1,133 1,202 1,201 1,291 1,382 1,472
1,564 1,623 1,691 1,698 1,813 1,927 2,042
1,734 1,800 1,877 1,912 2,043 2,174 2,304
1,946 2,021 2,108 2,112 2,257 2,403 2,548
2,201 2,287 2,386 2,387 2,553 2,719 2,886

1,118 1,181 1,255 1,253 1,349 1,446 1,543
1,625 1,689 1,762 1,771 1,894 2,017 2,139
1,803 1,874 1,956 1,996 2,136 2,276 2,415
2,025 2,105 2,198 2,205 2,360 2,516 2,672
2,291 2,382 2,489 2,493 2,671 2,849 3,027

1,163 1,230 1,309 1,306 1,409 1,512 1,615
1,688 1,756 1,834 1,846 1,977 2,108 2,239
1,873 1,949 2,037 2,081 2,230 2,380 2,529
2,104 2,190 2,290 2,299 2,466 2,632 2,798
2,382 2,480 2,593 2,601 2,791 2,981 3,171

1,208 1,280 1,364 1,360 1,470 1,580 1,690
1,752 1,824 1,907 1,922 2,061 2,201 2,340
1,944 2,025 2,118 2,168 2,327 2,486 2,645
2,185 2,276 2,383 2,396 2,573 2,750 2,927
2,474 2,578 2,699 2,712 2,914 3,116 3,318

1,254 1,331 1,420 1,415 1,532 1,649 1,766
1,816 1,893 1,982 1,999 2,148 2,296 2,444
2,016 2,102 2,202 2,256 2,425 2,594 2,763
2,267 2,364 2,477 2,494 2,682 2,871 3,059
2,567 2,678 2,807 2,824 3,039 3,254 3,469

1,301 1,383 1,478 1,471 1,595 1,719 1,843
1,881 1,963 2,057 2,078 2,235 2,393 2,550
2,090 2,180 2,286 2,345 2,525 2,705 2,884
2,350 2,453 2,573 2,594 2,794 2,994 3,194
2,662 2,780 2,917 2,938 3,166 3,395 3,623

1,350 1,436 1,536 1,528 1,659 1,791 1,923
1,948 2,034 2,134 2,158 2,325 2,492 2,659
2,164 2,260 2,372 2,437 2,627 2,817 3,007
2,434 2,543 2,670 2,695 2,907 3,119 3,331
2,758 2,883 3,028 3,054 3,296 3,538 3,780

continued
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favorable metabolic changes or improved dietary compliance (DePue et
al., 1995; Dunn et al., 1999; Hartman et al., 1993; Holden et al., 1992;
Miller et al., 1997).

Several studies indicate that energy expenditure decreases when
energy intake is less than TEE, with the result that weight loss is less than
anticipated based on the reduction in energy intake. As shown in Figure 5-9,
a summary of studies on changes in resting energy expenditure (REE)
with negative energy balance in adults have shown that the decline in REE
with weight loss is greater than predicted from the loss of FFM that occurs
concomitantly during negative energy balance. This suggests that there is
a decrease in REE per unit of FFM during active weight loss (under-
feeding).

TABLE 5-30 Continued

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.80 BEE 59.9 69.7 81.0 81.0 97.2 113.4 129.6
(71) Sedentary (132) (154) (178) (178) (214) (250) (285)

Low active
Active
Very active

1.85 BEE 63.3 73.6 85.5 85.6 102.7 119.8 136.9
(73) Sedentary (139) (162) (188) (189) (226) (264) (302)

Low active
Active
Very active

1.90 BEE 66.8 77.6 90.2 90.3 108.3 126.4 144.4
(75) Sedentary (147) (171) (198) (199) (239) (278) (318)

Low active
Active
Very active

1.95 BEE 70.3 81.8 95.0 95.1 114.1 133.1 152.1
(77) Sedentary (155) (180) (209) (209) (251) (293) (335)

Low active
Active
Very active

a For each year below 30, add 2.5 kcal/d to BEE and 7 kcal/d to TEE. For each year
above 30, subtract 2.5 kcal/d from BEE and 7 kcal/d from TEE. Equations determined
from combined DLW databases (Appendix Table I-11).
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Role of Decreased Food Intake with or Without Increased
Physical Activity

There are also four underfeeding studies that have examined changes
in TEE with negative energy balance achieved by a reduction in energy
intake. As shown in Table 5-31, the reduction in energy intake in these
studies ranged from 758 to 1,620 kcal/d and was associated with a reduc-
tion in TEE that averaged 36 percent of the reduction in energy intake. It
should be noted that there was a period of 3 to 52 weeks of underfeeding
between the measurements of TEE made during weight maintenance and
negative energy balance. Thus, some of the reduction in TEE was due to
reduced energy requirements associated with reduced body weight.

TEE (kcal/d) for a Body Mass Index (kg/m2)of:

18.5 22.5 24.99 25 30 35 40

1,398 1,490 1,596 1,586 1,725 1,865 2,004
2,015 2,106 2,211 2,239 2,416 2,593 2,769
2,239 2,341 2,459 2,529 2,731 2,932 3,133
2,519 2,634 2,769 2,799 3,023 3,247 3,472
2,855 2,987 3,141 3,172 3,428 3,684 3,940

1,448 1,545 1,657 1,645 1,792 1,940 2,087
2,083 2,179 2,290 2,322 2,509 2,695 2,882
2,315 2,422 2,548 2,624 2,836 3,049 3,262
2,605 2,727 2,869 2,904 3,141 3,378 3,615
2,954 3,093 3,255 3,292 3,562 3,833 4,103

1,499 1,601 1,719 1,706 1,861 2,016 2,171
2,151 2,253 2,371 2,406 2,603 2,800 2,996
2,392 2,505 2,637 2,720 2,944 3,168 3,393
2,693 2,821 2,971 3,011 3,261 3,511 3,760
3,053 3,200 3,371 3,414 3,699 3,984 4,270

1,550 1,657 1,782 1,767 1,931 2,094 2,258
2,221 2,328 2,452 2,492 2,699 2,906 3,113
2,470 2,589 2,729 2,817 3,053 3,290 3,526
2,781 2,917 3,074 3,119 3,383 3,646 3,909
3,154 3,309 3,489 3,538 3,838 4,139 4,439

b PAL = Physical activity level, BEE = basal energy expenditure.



214 DIETARY REFERENCE INTAKES

In multiple regression analyses using the DLW data of the studies in
Table 5-31, weight, age, and gender significantly predicted TEE, and the
b-coefficient for the weight term was 16.6 kcal/d. This implies that for
weight-stable individuals, differences in body weight of 1 kg are associated
with differences in TEE of 16.6 kcal/d. By correcting the changes in TEE
that can be attributed to the decrease in body size in the four underfeed-
ing studies described in Table 5-31, 8.4 percent of the reduction in TEE
was unaccounted for by weight loss and appears therefore to be associated
with a state of negative energy balance. This could be due to a reduction
in energy expenditure per kg body weight or to a decrease in physical
activity.

These values can be used to estimate the anticipated reduction in
metabolizable energy intake necessary to achieve a given level of weight
loss, if weight loss is achieved solely by a reduction in energy intake and
there is no change in energy expenditure for physical activity. For example,
a weight loss of 1 to 2 lb/wk (65 to 130 g/d) is equivalent to a body energy
loss of 468 to 936 kcal/d, because the energy content of weight loss aver-
ages 7.2 kcal/g (i.e., 75 percent fat containing 9.25 kcal/g and 25 percent
FFM containing 1 kcal/g) (Saltzman and Roberts, 1995). Taking into
account the decrease in TEE due to weight loss (16.6 kcal/kg) and due to
negative energy balance (8.4 percent of initial TEE), the total expected
reduction in TEE after 10 weeks of dieting is predicted to be 376 to
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FIGURE 5-9 Relationship between changes in fat-free mass and resting energy
expenditure during overfeeding and underfeeding. Reprinted, with permission,
from Saltzman and Roberts (1995). Copyright 1995 by International Life Sciences
Institute.
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542 kcal/d for an individual with an initial weight maintenance TEE of
2,500 kcal/d. Therefore, to maintain a rate of weight loss of 1 to 2 lb/wk,
the reduction in energy intake would need to be 844 (468 + 376) to
1,478 kcal/d (936 + 542) after 10 weeks of weight loss.

This calculation serves both to emphasize the importance of exercise
in helping prevent reduced TEE during weight loss, and to illustrate the
relatively high level of reduction in energy intake needed when weight loss
is to be achieved by dieting alone. It should be noted that the above calcu-
lations were based on TEE data derived from studies in adults in which
reduction in energy intake was in the range of 758 to 1,620 kcal/d. The
impact on energy expenditure of weight loss regimens involving lesser or
greater reductions in energy intake need to be assessed before rates of
weight reduction can be more precisely predicted. However, it must be
appreciated that reduction in resting rates of energy expenditure per kilo-
gram of body weight have a small impact on the prediction of energy
deficits imposed by food restriction, and the greatest cause of deviation
from projected rates of weight loss lies in the degree of compliance. The
coefficient of 16.6 kcal/kg of weight loss calculated from the data in
Table 5-31 could be utilized to anticipate the reduction in energy intake
required for maintaining lower body weights. Further studies in this area
are needed.

TABLE 5-31 Changes (∆) in Total Energy Expenditure (TEE)
During Underfeeding Studiesa

∆TEE ∆BEb ∆EIc

Reference (kcal/d) (kcal/d) (kcal/d) ∆TEE/∆EI  Coor∆TEE/∆EId

Heyman et al., 1992 –297 –461 –758 0.392 0.076
Kempen et al., 1995 –359 –765 –1,124 0.319 0.087
Racette et al., 1995 –349 –695 –1,044 0.334 0.079
van Gemert et al., –645 –975 –1,620 0.398 0.093

2000
Means 0.361 0.084

a Where all values are in kcal/d, ∆ describes changes in value between weight mainte-
nance and underfeeding.
b BE = body energy.
c EI = energy intake (calculated as ∆BE + ∆TEE).
d Corr∆TEE is change in total energy expenditure after subtracting the estimated
change in TEE due to weight loss in the underfeeding period prior to measurement of
TEE. This value indicates the change in TEE is due to negative energy balance rather
than weight loss. It was estimated as weight loss prior to the underfeeding TEE × 16.6,
where 16.6 is the weight coefficient in the relationship, TEE = constant + weight + age +
gender in the doubly labeled water data from these studies.
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Age (years) Age (years)

FIGURE 5-10 Comparison of body mass index (BMI) definitions of overweight
and obesity during childhood with percentiles for BMI (85th, 95th, 97th). Reprint-
ed, with permission, from Roberts and Dallal (2001). Copyright 2001 by Interna-
tional Life Sciences Institute.

Estimation of Energy Expenditure for Weight Maintenance in
Overweight Children Ages 3 Through 18 Years

While the Centers for Disease Control and Prevention (CDC) currently
defines childhood “risk of overweight” as greater than the 85th percentile
for BMI and “overweight” as greater than the 95th percentile of BMI, it
gives no definition for obesity in childhood. Several organizations,
however, define childhood obesity as a BMI above the 95th age-adjusted
percentile (Barlow and Dietz, 1998; Bellizzi and Dietz, 1999). An inter-
national standardized approach was also recently proposed, based on iden-
tifying the childhood BMI at different ages that would be equivalent to a
BMI of 25 kg/m2 (for overweight) or 30 kg/m2 (for obese) at age 18 years
(Cole et al., 2000). Using this approach, the cutoff for obesity would fall
near the 97th percentile of the current CDC growth charts (Figure 5-10).
For this report, the CDC definitions of risk of overweight and overweight
are accepted for children, namely BMI above the 95th percentile for over-
weight and above the 85th percentile for risk of overweight.
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Rapid weight loss is undesirable in children due to the risks of stunt-
ing and micronutrient deficiencies. In addition, children under 2 years of
age should not be placed on energy-restricted diets out of concern that
brain development may inadvertently be compromised by inadequate
dietary intake of fatty acids and micronutrients. A recent expert pediatric
committee recommended that weight maintenance be the goal for most
children over 2 years of age in the 85th to 95th percentiles for BMI (Barlow
and Dietz, 1998). In addition, the committee recommended that weight
loss be at a rate of 1 lb/mo for children over 7 years of age at or greater
than the 95th percentile BMI and for children between the 85th and 95th
percentiles who have comorbidities that would be anticipated to be
improved by weight loss.

Separate TEE predictive equations were developed from the DLW data
for 3- through 18-year-old overweight and obese boys and girls (Appendix
Table I-6) from age, height, weight, and PAL categories using nonlinear
regression techniques. In order to utilize all the TEE data, PAL categoriza-
tion was determined using predicted BEE rather than observed BEE, since
only 67 percent (85/127) of the boys and 64 percent (123/192) of the
girls and had observed BEEs. The following predictive equations for BEE
were derived from the observed BEEs provided in the DLW database (Ap-
pendix Table I-6).

For overweight and obese boys:
BEE (kcal/d) = 420 – 33.5 age (y) + 418.9 × height (m)

+ 16.7 weight (kg)
SE = 89.9, R2 = 0.88.

For overweight and obese girls:
BEE (kcal/d) = 516 – (26.8 × age [y]) + 347 height (m)

+ 12.4 weight (kg)
SE = 113.4, R2 = 0.79.

For normal-weight, overweight, and obese boys:
BEE (kcal/d) = 79 – 934.2 × age [y]) + 730 × height (m)

+ 15.3 weight (kg)
SE = 90.6, R2 = 0.89.

For normal-weight, overweight, and obese girls:
BEE (kcal/d) = 322 – 926.0 × age [y]) + 504 × height (m)

+ 11.6 weight (kg)
SE = 102.1, R2 = 0.80.
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Prediction equations of TEE for overweight and obese girls and boys
were developed using age, height, weight, and PAL category as predicted
from the above BEE equations. Data were not used in the derivation of the
TEE equations if the PAL value was less than 1.0 or greater than 2.5. In
addition, TEE predictive equations were developed combining normal-
weight, overweight, and obese children. The coefficients and SE for boys
and girls in the overweight and obese database (Appendix Table I-6) are
provided in Appendix Table I-12. Mean of the residuals did not differ
from zero, and the standard deviation of the residuals ranged from 74 to 213.
The coefficients and SE for boys and girls in the combined normal-weight,
overweight, and obese database are described in Appendix Table I-13. The
mean of the residuals did not differ from zero and the standard deviation
of the residuals ranged from 73 to 208.

The children’s predictive equations for TEE were subjected to statisti-
cal testing of their estimated coefficients and asymptotic standard devia-
tions using a chi-square distribution (Hotelling T-squared test). The spe-
cific equation for the overweight and obese boys was statistically different
from the equation derived solely from normal-weight boys (P > 0.032),
and tended to differ from the combined equation derived from normal,
overweight, and obese boys (P = 0.086). The specific equation for
the overweight and obese girls was statistically different from the equa-
tion derived solely from normal-weight girls (P > 0.001), but not from the
combined equation derived from normal, overweight, and obese girls (P
= 0.99). The equations for the normal-weight boys and girls differed from
the combined equation (P = 0.001).

Despite the suggestion of differences in the predictive equations for
the TEE of boys, and because of the larger sample size, reduced SEs of the
coefficients and increased stability, and consistency between the genders,
the prediction equations for TEE based on the combined database are recommended
for use in overweight and obese children for weight maintenance—they do not include
growth. (See Table I-13 for coefficients used in the equations.)

Weight Maintenance TEE in Overweight Boys Ages 3 Through 18 Years
TEE = 114 – (50.9 × age [y]) + PA × (19.5 × weight [kg]

+ 1161.4 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.24 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.45 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)
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Weight Maintenance TEE in Overweight Girls Ages 3 Through 18 Years
TEE = 389 – (41.2 × age [y]) + PA × (15.0 × weight [kg]

+ 701.6 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.18 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.35 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.60 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

As in adults, these TEE equations do not form the basis of EER values
since the weight of the group is considered high (when BMI is greater than
the 95th percentile) or at risk of being high (when BMI is greater than the
85th percentile). Nevertheless, TEE values are equivalent to EER values when
weight maintenance is the goal. It should be noted that EER values for en-
ergy in children of healthy weight also include an amount that will provide
sufficient energy for normal rates of growth. When weight maintenance is
the goal, as in most children between the 85th and 95th BMI percentiles, it is
assumed that linear growth and lean tissue growth can occur at a normal rate
when body weight gain is prevented, because over time body fat content
gradually decreases in parallel with the increase in FFM.

Weight Reduction in Overweight Children Ages 3 Through 18 Years

Weight reduction at a rate of 1 lb/m (15 g/d) is equivalent to a body
energy loss of 108 kcal/d (assuming the energy content of weight loss
averages 7.2 kcal/g [Saltzman and Roberts, 1995]), an amount that is small
enough to be achievable by either an increase in EEPA, a reduction in
energy intake, or a combination of both. There is currently no informa-
tion on changes in TEE with negative energy balance in children, and no
information even from adults on changes in TEE at low levels of negative
energy balance. Thus, the extent to which TEE falls when energy intake is
reduced with the intention of producing very slow weight loss in children
is not known. This lack of data makes it impossible to describe the rela-
tionship between change in energy intake and change in body energy for
children in whom weight loss is indicated. However, if the negative energy
balance is achieved by a reduction in energy intake alone, at least a
108 kcal/d decrease in energy intake (i.e., equivalent to the indicated loss
of body energy) would be necessary to result in a slow weight loss, and
perhaps more if a reduction in TEE occurs. Small reductions in energy
intake of the magnitude required to resolve childhood overweight gradu-
ally over time are within the potential for ad libitum changes induced by
improvements in dietary composition.
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Undernutrition

Undernutrition is still a frequent condition in many parts of the world,
particularly in children. When energy intake is unable to match energy
needs (due to insufficient dietary intake, excessive intestinal losses, or a
combination thereof) several mechanisms of adaptation come into play
(see earlier section, “Adaptation and Accommodation”). Reduction in vol-
untary physical activity is a rapid means of reducing energy needs to match
limited energy input. In children, reduction in growth rates is another
important mechanism of accommodation to energy deficit. Under condi-
tions of persistent energy deficit, the low growth rate will result in short
stature and low weight-for-age, a condition termed stunting.

A chronic energy deficit elicits mobilization of energy reserves, pro-
gressively depleting its main source: adipose tissue. Thus, an energy deficit
of certain duration is associated with changes in body weight and body
composition. As body weights decrease, so do energy requirements,
although energy turnover may be higher when expressed per kg of body
weight due to a predominant loss of fat tissue relative to lean tissue. In
healthy, normal-weight individuals who face a sustained energy deficit,
several hormonal mechanisms come into play, including a reduction in
insulin release by the pancreas, a reduction in the active thyroid hormone
T3, and a decrease in adrenergic tone. These steps are aimed at reducing
cellular energy demands by reducing the rates of key energy-consuming
metabolic processes. However, there is less evidence that similar mecha-
nisms are available to individuals who already have a chronic energy deficit
when they are faced with further reductions in energy input (Shetty et al.,
1994).

The effects of chronic undernutrition in children include decreased
school performance, delayed bone age, and increased susceptibility to
infections. In adults, an abnormally low BMI is associated with decreased
work capacity and limited voluntary physical activity.

Additional Energy Requirements to Restore Normal Weight

In an adult with a low BMI (less than 18.5 kg/m2), the additional
energy intake required to normalize body weight will depend on the initial
deficit and the desired rate of recovery. Although estimates of energy needs
can be made based on the initial deficit, body weight gain will include not
only energy stored as fat tissue, but also some amount in the form of
skeletal muscle and even visceral tissues. Thus, as recovery of body weight
proceeds, the energy requirement will vary not only as a function of body
weight but in response to changes in body composition.
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Catch-up Growth in Children. The energy needs for catch-up growth for
children can be estimated from the energy cost of tissue deposition. The
average energy cost of tissue synthesis and deposition was estimated at
5 kcal/g of tissue deposited (FAO/WHO/UNU, 1985). Based on experi-
mental data from DLW studies in infants, Butte and colleagues (1989)
estimated this cost as 4.8 kcal/g. Median weight for height has been used
in the past as a target for recovery. Using BMI, the 50th BMI percentile for
age may be considered as a target. However, in practical terms, the target
for recovery depends on the initial deficit and the conditions of nutri-
tional treatment: clinical unit or community. Under the controlled condi-
tions of a clinical setting, undernourished children can exhibit rates of
growth of 10 to 15 g/kg body weight/d (Fjeld et al., 1989), which are ten-
fold higher than normal rates of weight gain at 1 year of age. Under less
controlled conditions (e.g., community-dwelling children), the rates of
growth are likely to be much lower. The 1985 FAO/WHO/UNU report
estimated these rates as twice the normal rate (FAO/WHO/UNU, 1985).
Undoubtedly, this figure would be highly dependent on the magnitude
and effectiveness of the nutritional intervention.

Dewey and coworkers (1996) estimated the energy needs for recovery
growth for children with moderate or severe wasting, assuming that the
latter would require a higher proportion of energy relative to protein.
These estimates are presented in Table 5-32.

Catch-up Grown Following Stunting. The above estimates apply to chil-
dren with a weight deficit relative to height. If a child is stunted, however,
weight may be adequate for height, and unless an increased energy intake
elicits both gains in height and in weight, the child may become over-
weight without correcting his or her height. In fact, this phenomenon is
increasingly documented in urban settings of developing countries. It is a
matter of debate whether significant catch-up gains in longitudinal growth
are possible beyond about 3 years of age. Clearly, height gain is far more
regulated than weight, which is primarily influenced by substrate availability
and energy balance. Furthermore, longitudinal growth may also be depen-
dent on the availability of other dietary constituents, such as zinc (Gibson
et al., 1989; Walravens et al., 1983).

Athletes

With minor exceptions, dietary recommendations for athletes are not
distinguished from the general population. As described in Chapter 12,
the amount of dietary energy from the recommended nutrient mix should
be adjusted to achieve or maintain optimal body weight for competitive
athletes and others engaged in similarly demanding physical activities. As
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TABLE 5-32 Energy Needs for Catch-up Growth at Different
Rates of Weight Gain

Normal Composition of High Rate of
Weight Gainb Fat Depositionc

EEd = 80 EE = 90 EE = 80 EE = 90

Rate of Gaina Energye Energye Energye Energye

(g/kg/d) (kcal/kg/d) (kcal/kg/d) (kcal/kg/d) (kcal/kg/d)

1 83 93 86 96
2 87 97 92 102
5 97 107 110 120

10 113 123 140 150
20 146 156 200 210

a In normal children, average rates of weight gain are about 1.3 g/kg/d at 6–12 months,
0.8 g/kg/d at 12–18 months, and 0.5 g/kg/d at 18–24 months.
b 17 percent protein, 9 percent fat; assume energy cost of growth = 3.3 kcal/g (based on
5.65 kcal/g protein and 9.25 kcal/g fat, with efficiencies of synthesis of 42 percent and
85 percent, respectively [Roberts and Young, 1988: 0.17 g protein × 5.65 kcal/g/0.42 =
2.3 kcal; 0.09 g fat × 9.25 kcal/g/0.85 = 1.0 kcal]); protein needs for growth = protein
need/efficiency = 0.17/0.7 = 0.24 g/kg/d.
c 10 percent protein, 43 percent fat; assume energy cost of growth = 6.0 kcal/g (based
on 5.65 kcal/g protein and 9.25 kcal/g fat, with efficiencies of synthesis of 42 percent
and 85 percent, respectively [Roberts and Young, 1988: 0.10 g protein × 5.65 kcal/g/
0.42 = 1.3 kcal; 0.43 g fat × 9.25 kcal/g/0.85 = 4.7 kcal]); protein needs for growth =
protein need/efficiency = 0.10/0.7 = 0.14 g/kg/d.
d EE = energy expenditure for maintenance and activity expressed as kcal/kg/d.  As
described by Dewey and colleagues (1996), the lower value is similar to average energy
expenditure of preschool children and to energy expenditure for maintenance and
activity of recovering malnourished children in Peru.  The higher value is typical of
normal infants at 9–12 months of age, but may be higher than would be expected of
malnourished children if they are less active.
e Metabolizable energy intake.
SOURCE: Adapted from Dewey et al. (1996).

in the general population, the need to balance energy intake and expendi-
ture over a wide range of body sizes, body compositions, and forms of
exercise means that athletes will, in fact, require vastly different meal sizes
and frequencies (e.g., female gymnasts compared to male American foot-
ball linemen). While some athletes may be able to sustain extremely high
power outputs over days or even weeks (such as in the Tour de France
bicycle race), such endeavors are episodic and cannot be sustained indefi-
nitely. Further, the recommendation for athletes to select foods in accor-
dance with the same dietary guidelines as the general population is intended
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to teach sound dietary practices to men and women whose lifestyles will
become more typical when their athletic careers diminish.

Despite the difference in scope of energy flux associated with partici-
pation in sports and extremely demanding physical activities such as mara-
thon running and military operations, several advantages are associated
with different forms of exercise. For example, resistance exercise promotes
muscle hypertrophy and changes in body composition by increasing the
ratio of muscle to total body mass (Brooks et al., 2000). Hence, the height-
weight values given in Tables 5-4 and 5-5 are of little relevance to lean, but
highly muscular individuals such as speed/power athletes who, because of
muscle hypertrophy, will have BMIs in excess of 25 kg/m2. Athletes need-
ing to increase strength will necessarily employ resistance exercises while
ensuring that dietary energy is sufficient to increase muscle mass. Total
body mass may increase, remain the same, or decrease depending on
energy balance. Athletes needing to decrease body mass to obtain bio-
mechanical advantages will necessarily increase total exercise energy out-
put, reduce energy input, or use a combination of the two approaches. As
distinct from weight loss by diet alone, having a major exercise component
will serve to preserve lean body mass even in the face of negative energy
balance.

ADVERSE EFFECTS OF OVERCONSUMPTION OF ENERGY

Hazard Identification

Adverse Effects

Adaptation to High Levels of Energy Intake. The ability of healthy indi-
viduals to compensate for increases in energy intake by increasing energy
expenditure (either for physical activity or resting metabolism) depends
on physiological and behavioral factors. When individuals are given a diet
providing a fixed (but limited) amount of energy in excess of the require-
ments to maintain body weight, they will initially gain weight. However,
over a period of several weeks, their energy expenditure will increase,
mostly (Durnin, 1990; Ravussin et al., 1991), but perhaps not entirely
(Leibel et al., 1995), on account of their increased body size, so that body
weight eventually will stabilize at a higher level. A reduction of energy
intake will produce the opposite effect. Some reports indicate that the
magnitude of the reduction in energy expenditure when energy intake is
reduced is greater than the corresponding increase in energy expenditure
when energy intake is increased (Saltzman and Roberts, 1995). Neverthe-
less, weight changes invariably occur under conditions of increased and
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decreased energy intake. It is likely that for most individuals the principal
mechanism for maintaining body weight is by controlling food intake
rather than physical activity (Jequier and Tappy, 1999).

Body Weight Gain and Chronic Disease. Weight gain that causes body
mass index (BMI) to reach and exceed 25 kg/m2 is associated with an
increased risk of premature mortality (NHLBI/NIDDK, 1998). As shown
in Tables 5-33 through 5-38, cohort studies have shown that morbidity risk
for type 2 diabetes, hypertension, coronary heart disease, stroke, gall-
bladder disease, osteoarthritis, and some types of cancer also increases
with increasing BMI of 25 kg/m2 and higher.

Some data from large cohort studies suggest that disease risk begins to
increase at BMI levels lower than those associated with increased risk of
mortality (Manson et al., 1990). Thus, some investigators have recom-
mended that individuals should aim at having a BMI of 22 kg/m2 at the
end of adolescence (NHLBI/NIDDK, 1998). This level would also provide
some margin for weight gain in mid-life without surpassing the 25 kg/m2

threshold.
For these reasons, energy intakes associated with adverse risk are

defined as those that cause weight gain for individuals with a body weight
within the healthy range (BMI from 18.5 up to 25 kg/m2) and overweight
individuals (BMI from 25 up to 30 kg/m2). In the case of obese individuals
who need to lose weight to improve their health, energy intakes that cause
adverse risk are those that are higher than those needed to lose weight
without causing negative health consequences.

Summary

Because of the direct impact of deviations from energy balance on
body weight and of changes in body weight, body-weight data represent
critical indicators of the adequacy of energy intake. Energy requirements
are defined as the amounts of energy that need to be consumed by indi-
viduals to sustain stable body weights in the range desired for good health
(BMI from 18.5 up to 25 kg/m2) while maintaining lifestyles that include
adequate levels of physical activity to maintain social, cultural, and economic
activity. Since any energy intake above the Estimated Energy Requirement
(EER) would be expected to result in weight gain and a likely increased
risk of morbidity, the Tolerable Upper Intake Levels are not applicable to
energy. If weight gain was identified as the hazard, the lowest-observed-
adverse-effect level (LOAEL) would be any intake above the EER for adults.
The uncertainty factor would be one as there is no uncertainty in the fact
that overconsumption of energy leads to weight gain.
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Intake Assessment

Based on distribution data from the 1994–1996, 1998 Continuing
Survey of Food Intakes by Individuals, the highest mean intake of energy
from diet for any gender and life stage group was estimated to be about
2,840 kcal/d (Appendix Table E-1), the intake of boys ages 14 through
18 years. Men 19 through 30 years of age had the highest reported energy
intake with the 99th percentile of intake at 5,378 kcal/d.

RESEARCH RECOMMENDATIONS

• The number of available doubly labeled water studies for the deter-
mination of total energy expenditure (TEE) in certain age and gender
categories is limited and should be expanded. This is particularly true for
young children 3 to 5 years of age, adolescent boys, and adult men and
women 40 through 60 years of age.

• Development of reliable methods to track dietary energy intakes in
population groups is needed.

• Identification of biological markers of risk of excess weight gain in
children and young adults is needed.

• Methods suitable for free-living population-based studies or appli-
cations should be developed to measure physical activity levels in order to
classify children and adults into sedentary, low active, active, and very active
levels of physical activity.

• More studies are necessary to determine whether and which dietary
composition patterns facilitate permanent weight loss in adults and children.

• Development of practical, accurate means to assess body composi-
tion in populations is needed.

• Physical activity patterns consistent with normal health and devel-
opment of children should be described that are applicable across age,
gender, and ethnic backgrounds.

• Factors affecting the energy intake required to satisfy nutrient
requirements should be explored, including diet digestibility, viscosity, and
energy and nutrient density.

• Factors affecting the changes in TEE during pregnancy, as well as
equations to predict the basal metabolic rate throughout pregnancy, are
needed to better predict the energy requirements of nonobese, overweight,
and obese pregnant women.

• More information is needed on the energy requirements of over-
weight and obese adults and children. It would be desirable for this addi-
tional TEE information to be collected in studies that also document
physical activity patterns, so that the relationship between activity and TEE
can be further evaluated.
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TABLE 5-33 Body Mass Index (BMI) and Risk of
Noninsulin-Dependent Diabetes Mellitus

Length of
Reference Country Study Population Follow-Up

Westlund and Sweden 3,751 men, 40–49 y 10 y
Nicolaysen, 1972

Medalie et al., 1974 Israel 10,059 men, 40+ y 5 y

Ohlson et al., 1985 Sweden 792 men, 54 y 13.5 y

Despres et al., 1989 Canada 52 premenopausal Not
obese women applicable

Lundgren et al., 1989 Sweden 1,462 women, 38–60 y 12 y

Colditz et al., 1990 United States 113,861 women, 8 y
30–55 y

Haffner et al., 1991 United States 254 men and 8 y
366 women
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Obesity Index Outcomea

Weight-height relationship Incidence of diabetes (%)
Normal ± 10% 0.6
10–15% overweight 1.8
15–25% overweight 2.5
25–35% overweight 3.7
35–45% overweight 7.1
> 45% overweight 12.6

Weight/height index (kg/cm) Incidence rate of diabetes
0.24–0.39 26/1,000
0.40–0.45 39/1,000
0.46–0.69 57/1,000

BMI, waist-to-hip ratio Risk of development of diabetes was
significantly associated with BMI (p = 0.0003)
and waist-to-hip ratio (p < 0.0001)

BMI, body fat mass BMI and body fat mass were significantly
associated with plasma glucose and insulin

BMI Significant correlation between initial BMI and
incidence of diabetes during follow-up
(p < 0.001)

BMI (kg/m2) Proportional hazards RR for diabetes (95% CI)
< 22 1.0
22–22.9 2.1 (1.4–3.3)
23–23.9 3.5 (2.3–5.1)
24–24.9 2.9 (1.9–4.5)
25–26.9 5.2 (3.7–7.5)
27–28.9 9.6 (6.8–13.6)
29–30.9 19.0 (13.6–26.4)
31–32.9 28.0 (19.9–39.4)
33–34.9 38.5 (27.0–54.9)
≥ 35 58.2 (42.4–79.9)

OR for diabetes (95% CI)
BMI (kg/m2) Men Women
< 24.6 1.00 1.00
24.6–28.2 1.33 (0.25–7.27) 1.38 (0.32–6.08)
> 28.2 2.51 (0.49–12.6) 3.70 (1.03–13.3)

continued
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TABLE 5-33 Continued

Length of
Reference Country Study Population Follow-Up

Chan et al., 1994 United States 27,983 men, 40–75 y 5 y

Ford et al., 1997 United States 8,545 adults 10 y

a RR = relative risk, CI = confidence interval, OR = odds ratio, CVD = cardiovascular
disease.
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Obesity Index Outcomea

BMI (kg/m2) RR for diabetes (95% CI)
< 23 1.0
23–23.9 1.0 (0.5–2.0)
24–24.9 1.5 (0.8–2.9)
25–26.9 2.2 (1.3–3.8)
27–28.9 4.4 (2.6–7.7)
29–30.9 6.7 (3.8–12.0)
31–32.9 11.6 (6.3–21.5)
33–34.9 21.3 (11.4–41.2)
≥ 35 42.1 (22.0–80.6)

Weight gain since age 21 RR for diabetes (95% CI)
0–2 kg 1.0
3–5 kg 0.9 (0.5–1.8)
6–7 kg 1.9 (1.0–3.7)
8–9 kg 3.5 (2.0–6.3)
10–14 kg 3.4 (2.0–5.8)
15+ kg 8.9 (5.5–14.7)

BMI at baseline (kg/m2) Hazard ratio for diabetes (95% CI)
< 22 1.00
22–22.9 1.16 (0.48–2.82)
23–23.9 2.39 (1.30–4.40)
24–24.9 2.82 (1.45–5.50)
25–26.9 2.75 (1.55–4.91)
27–28.9 4.63 (2.69–7.96)
29–30.9 4.88 (2.77–8.59)
31–32.9 6.96 (3.79–12.81)
33–34.9 9.28 (4.60–18.72)
≥ 35 11.24 (6.66–18.96)

Weight gain since baseline Hazard ratio for diabetes (95% CI)
< 5 kg 1.00
5 to < 8 kg 2.11 (1.40–3.18)
8 to < 11 kg 1.19 (0.75–1.89)
11 to < 20 kg 2.66 (1.84–3.85)
≥ 20 kg 3.84 (2.04–7.22)

NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.
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TABLE 5-34 Body Mass Index (BMI) and Risk of Hypertension
 and Stroke

Length of
Reference Country Study Population Follow-Up

Hypertension
Ballantyne et al., UK 637 men and 835 women, Not

1978 mean 45–49 y applicable

Brennan et al., Australia 600 men and 400 women, Not
1980 20–49 y applicable

Criqui et al., 1982 United States 2,482 men and 2,298 Not
women, 20+ y applicable

MacMahon et al., Australia 5,550 men and women, Not
1984 25–64 y applicable

Brown et al., 2000 United States 16,681 adults, 20+ y Not
applicable

Stroke
Walker et al., 1996 United States 28,643 men, 40–75 y 5 y

Rexrode et al., United States 116,759 women, 30–55 y 16 y
1997

a RR = relative risk, OR = odds ratio.



ENERGY 231

Obesity Index Outcomea

Ponderal Index Ponderal index was significantly associated with
(height/weight1/3) blood pressure only in hypertensive, male

nonsmokers

BMI Significant correlation between BMI and
hypertension in men (p < 0.05) and women
(p < 0.01)

BMI BMI was significantly associated with diastolic
and systolic blood pressure in both men and
women

BMI in men (kg/m2) RR for hypertension (95% CI)
19.5–25.4 1.00
25.5–30.4 1.72 (1.44–2.05)
≥ 30.5 2.47 (1.83–3.34)

BMI in women (kg/m2) RR for hypertension (95% CI)
18.5–24.4 1.00
24.5–30.4 2.09 (1.72–2.55)
≥ 30.5 2.96 (2.14–4.10)

OR for high blood pressure
BMI (kg/m2) Men Women
< 25 1.0 1.0
25 to <27 2.4 1.7
27 to <30 3.1 2.3
≥ 30 8.7 9.7

BMI (kg/m2) RR for stroke (95% CI)
< 23 1.00
23.1–24.4 0.61 (0.32–1.16)
24.5–25.8 1.00 (0.57–1.75)
25.9–27.6 1.16 (0.67–2.02)
≥ 27.7 1.25 (0.72–2.19)

BMI (kg/m2) RR for ischemic stroke (95% CI)
< 21 1.00
21 to <23 1.01 (0.70–1.45)
23 to <25 1.20 (0.83–1.71)
25 to <27 1.15 (0.78–1.70)
27 to <29 1.75 (1.17–2.59)
29 to <32 1.90 (1.28–2.82)
≥ 32 2.37 (1.60–3.50)

NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/
hazard risk/odds ratio estimates were used in this table whenever possible.



232 DIETARY REFERENCE INTAKES

TABLE 5-35 Body Mass Index (BMI) and Risk of Coronary
Heart Disease

Length of
Reference Country Study Population Follow-Up

Hubert et al., 1983 United States 2,252 men and 2,818 26 y
women, 28–62 y

Willett et al., 1995 United States 115,818 women, 30–55 y 14 y

Rexrode et al., 2001 United States 16,164 men, 40–84 y 9 y

a RR = relative risk, CI = confidence interval.
NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.
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Obesity Index Outcomea

Metropolitan relative weight MRW predicted incidence of coronary disease,
(MRW) at baseline (% coronary death, and congestive heart failure
of desirable weight) in men

In women, MRW was positively associated with
coronary disease, stroke, congestive failure,
and coronary and cardiovascular disease death

BMI at baseline (kg/m2) RR for coronary heart disease (95% CI)
< 21 1.00
21–22.9 1.19 (0.98–1.44)
23–24.9 1.46 (1.20–1.77)
25–28.9 2.06 (1.72–2.48)
≥ 29 3.56 (2.96–4.29)

Weight Gain from age 18 RR for coronary heart disease (95% CI)
< 5 kg 1.00
5–7.9 kg 1.25 (1.01–1.55)
8–10.9 kg 1.65 (1.33–2.05)
11–19 kg 1.92 (1.61–2.29)
≥ 20 kg 2.65 (2.17–3.22)

BMI (kg/m2) RR for coronary heart disease (95% CI)
< 22.8 1.00
22.8 to < 24.3 1.33 (0.99–1.79)
24.3 to < 25.7 1.28 (0.95–1.73)
25.7 to < 27.6 1.74 (1.31–2.30)
≥ 27.6 1.89 (1.43–2.51)
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TABLE 5-36 Body Mass Index (BMI) and Risk of Gallbladder Disease

Length of
Reference Country Study Population Follow-Up

Kato et al., 1992 United States 7,831 men, 45+ y 22 y

Stampfer et al., 1992 United States 90,302 women, 34–59 y 8 y

Sahi et al., 1998 United States 16,785 men, 15–24 y 61 y

a RR = relative risk, CI = confidence interval.
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NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.

Obesity Index Outcomea

BMI (kg/m2) RR for gallbladder disease (95% CI)
< 21.65 1.0
21.65–23.79 1.1 (0.9–1.5)
23.80–25.80 1.4 (1.1–1.9)
> 25.80 1.8 (1.4–2.3)

RR for cholecystectomy or unremoved
BMI (kg/m2) gallstones (95% CI)
< 24 1.00
24 to <25 1.36 (1.16–1.60)
25 to <26 1.60 (1.36–1.88)
26 to <27 1.92 (1.60–2.30)
27 to <29 2.32 (2.02–2.66)
29 to <30 2.63 (2.16–3.19)
30 to <35 3.52 (3.11–3.98)
35 to <40 4.64 (3.86–5.57)
40 to <45 5.42 (4.01–7.34)
45+ 6.99 (4.48–10.90)

BMI at baseline (kg/m2) Rate ratio for gallbladder disease
< 20.0 1.00
20.0–21.9 1.05
22.0–23.9 1.12
≥ 24.0 1.43

BMI change from baseline (kg/m2) Rate ratio for gallbladder disease
≤ 0.9 1.00
1.0–2.9 1.01
3.0–5.9 1.74
≥ 6.0 2.16
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TABLE 5-37 Body Mass Index (BMI) and Risk of Osteoarthritis

Length of
Reference Country Study Population Follow-Up

Felson et al., 1988 United States 1,420 adults, 63–94 ~ 36 y
at follow-up

Hart and Spector, United 985 women, 45–64 y Not
1993 Kingdom applicable

Carman et al., 1994 United States 588 men and 688 23 y
women, 50–74 y
at follow-up

Hochberg et al., 1995 United States 465 men and 275 Not
women, 40+ y applicable

Cicuttini et al., 1996 United 658 women, Not
Kingdom twins, 48–69 y applicable

a OR = odds ratio.
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NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.

Obesity Index Outcomea

Metropolitan relative weight at Cumulative incidence rate of knee
baseline osteoarthritis (n/n [%])

Men Women Men Women
< 105 < 100 34/110 (30.9) 28/155 (18.1)
105–112 100–108 26/113 (23.0) 42/173 (24.3)
113–120 109–116 38/128 (29.7) 58/170 (34.1)
121–128 117–127 31/112 (27.7) 60/157 (38.2)
≥ 129 ≥ 128 53/126 (42.1) 98/176 (55.7)

BMI (kg/m2) OR for osteoarthritis of the knee (95% CI)
< 23.4 1.00
23.4–26.4 2.86 (1.44–5.68)
> 26.4 6.17 (3.26–11.71)

Relative weight index at Incidence rate for osteoarthritis of
baseline (% of ideal weight) the hand and wrist

< 100 70.0/100
100–109 74.1/100
110–119 80.7/100
120–129 83.7/100
≥ 130 88.9/100

OR for osteoarthritis of the knee (95% CI)
BMI Men Women
Tertile 1 1.00 1.00
Tertile 2 0.94 (0.52–1.70) 2.03 (0.89–4.66)
Tertile 3 2.40 (1.32–4.35) 4.34 (1.89–9.98)

BMI OR for developing a radiological feature of
osteoarthritis per unit of BMI ranged from
1.07 (0.91–1.25) to 1.63 (1.09–2.44) for
all twins
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TABLE 5-38 Body Mass Index (BMI) and Risk of Cancer

Length of
Reference Country Study Population Follow-Up

Helmrich et al., United States, 1,185 women breast cancer ~ 3 y
1983 Canada, cases, median 52 y

Israel 3,227 women controls,
median 47 y

Rosenberg et al., Canada 607 women breast cancer 4 yr
1990 cases, < 70 y

1,214 women controls

Chu et al., 1991 United States 4,323 cases and Not
4,358 controls, applicable
women, 20–54 y

Giovannucci et al., United States 47,723 men, 40–75 y 6 y
1995

Giovannucci et al., United States 13,057 women, 40–65 y 6 y
1996

Huang et al., 1997 United States 95,256 women, 30–55 y 16 y

a RR = relative risk, CI = confidence interval.
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NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.

Obesity Index Outcomea

RR for breast cancer in postmenopausal women
BMI (kg/m2) (95% CI)
< 21 1.0
21–24 1.5 (1.1–1.9)
25–27 1.6 (1.2–2.1)
≥ 28 1.3 (1.0–1.8)

RR for breast cancer (95% CI)
BMI (kg/m2) Premenopausal Postmenopausal
< 21 1.0 1.0
21–25 0.9 (0.7–1.3) 0.8 (0.5–1.1)
≥ 26 0.8 (0.5–1.2) 1.2 (0.8–1.7)

RR for breast cancer in menopausal
BMI (kg/m2) women (95% CI)
< 20.0 1.0
20.0–21.99 1.1 (0.7–1.5)
22.0–24.89 1.5 (1.0–2.2)
24.9–27.29 2.2 (1.4–3.5)
27.3–32.29 1.8 (1.1–2.8)
≥ 32.3 2.7 (1.5–5.4)

BMI (kg/m2) RR for colon cancer (95% CI)
< 22 1.0
22–24.9 0.87 (0.54–1.39)
25–26.9 1.31 (0.85–2.02)
27–28.9 1.48 (0.89–2.56)
≥ 29 1.48 (0.89–2.46)

BMI (kg/m2) RR for distal colon adenomas (95% CI)
< 21 1.00
21–22 0.82 (0.59–1.15)
23–24 1.18 (0.85–1.63)
25–28 1.03 (0.72–1.47)
≥ 29 1.50 (1.02–2.21)

RR for breast cancer in postmenopausal women
Weight gain from age 18 (95% CI)
≤ 2.0 kg 1.00
2.1–5.0 kg 1.20 (0.96–1.51)
5.1–10.0 kg 1.18 (0.96–1.45)
10.1–20.0 kg 1.20 (0.98–1.47)
20.1–25.0 kg 1.40 (1.10–1.78)
> 25.0 kg 1.41 (1.12–1.78)
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• Additional research is needed on the extent to which energy expen-
diture changes when a hypocaloric diet is consumed, and whether dietary
composition affects the extent of change in energy expenditure.

• Independent of energy, identification of dietary components, if any,
that could favorably affect body composition is needed.
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6
Dietary Carbohydrates:

Sugars and Starches

SUMMARY

The primary role of carbohydrates (sugars and starches) is to
provide energy to cells in the body, particularly the brain, which is
the only carbohydrate-dependent organ in the body. The Recom-
mended Dietary Allowance (RDA) for carbohydrate is set at 130 g/d
for adults and children based on the average minimum amount of
glucose utilized by the brain. This level of intake, however, is typi-
cally exceeded to meet energy needs while consuming acceptable
intake levels of fat and protein (see Chapter 11). The median
intake of carbohydrates is approximately 220 to 330 g/d for men
and 180 to 230 g/d for women. Due to a lack of sufficient evidence
on the prevention of chronic diseases in generally healthy indi-
viduals, no recommendations based on glycemic index are made.

BACKGROUND INFORMATION

Classification of Dietary Carbohydrates

Carbohydrates can be subdivided into several categories based on the
number of sugar units present. A monosaccharide consists of one sugar unit
such as glucose or fructose. A disaccharide (e.g., sucrose, lactose, and maltose)
consists of two sugar units. Oligosaccharides, containing 3 to 10 sugar units,
are often breakdown products of polysaccharides, which contain more than
10 sugar units. Oligosaccharides such as raffinose and stachyose are found
in small amounts in legumes. Examples of polysaccharides include starch
and glycogen, which are the storage forms of carbohydrates in plants and
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animals, respectively. Finally, sugar alcohols, such as sorbitol and mannitol,
are alcohol forms of glucose and fructose, respectively.

Definition of Sugars

The term “sugars” is traditionally used to describe mono- and disac-
charides (FAO/WHO, 1998). Sugars are used as sweeteners to improve
the palatability of foods and beverages and for food preservation (FAO/
WHO, 1998). In addition, sugars are used to confer certain functional
attributes to foods such as viscosity, texture, body, and browning capacity.
The monosaccharides include glucose, galactose, and fructose, while the
disaccharides include sucrose, lactose, maltose, and trehalose. Some
commonly used sweeteners contain trisaccharides and higher saccharides.
Corn syrups contain large amounts of these saccharides; for example, only
33 percent or less of the carbohydrates in some corn syrups are mono- and
disaccharides; the remaining 67 percent or more are trisaccharides and
higher saccharides (Glinsmann et al., 1986). This may lead to an under-
estimation of the intake of sugars if the trisaccharides and higher saccharides
are not included in an analysis.

Extrinsic and Intrinsic Sugars

The terms extrinsic and intrinsic sugars originate from the United
Kingdom Department of Health. Intrinsic sugars are defined as sugars that
are present within the cell walls of plants (i.e., naturally occurring), while
extrinsic sugars are those that are typically added to foods. An additional
phrase, “non-milk extrinsic sugars,” was developed due to the lactose in
milk also being an extrinsic sugar (FAO/WHO, 1998). The terms were
developed to help consumers differentiate sugars inherent to foods from
sugars that are not naturally occurring in foods.

Added Sugars

The U.S. Department of Agriculture (USDA) has defined “added sugars”
for the purpose of analyzing the nutrient intake of Americans using nation-
wide surveys, as well as for use in the Food Guide Pyramid. The Food
Guide Pyramid, which is the food guide for the United States, translates
recommendations on nutrient intakes into recommendations for food
intakes (Welsh et al., 1992). Added sugars are defined as sugars and syrups
that are added to foods during processing or preparation. Major sources
of added sugars include soft drinks, cakes, cookies, pies, fruitades, fruit
punch, dairy desserts, and candy (USDA/HHS, 2000). Specifically, added
sugars include white sugar, brown sugar, raw sugar, corn syrup, corn-syrup
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solids, high-fructose corn syrup, malt syrup, maple syrup, pancake syrup,
fructose sweetener, liquid fructose, honey, molasses, anhydrous dextrose,
and crystal dextrose. Added sugars do not include naturally occurring
sugars such as lactose in milk or fructose in fruits.

The Food Guide Pyramid places added sugars at the tip of the pyramid
and advises consumers to use them sparingly (USDA, 1996). Table 6-1
shows the amounts of added sugars that could be included in diets that
meet the Food Guide Pyramid for three different calorie levels.

Since USDA developed the added sugars definition, the added sugars
term has been used in the scientific literature (Bowman, 1999; Britten et
al., 2000; Forshee and Storey, 2001; Guthrie and Morton, 2000). The 2000
Dietary Guidelines for Americans used the term to aid consumers in identify-
ing beverages and foods that are high in added sugars (USDA/HHS, 2000).
Although added sugars are not chemically different from naturally occur-
ring sugars, many foods and beverages that are major sources of added
sugars have lower micronutrient densities compared with foods and bever-
ages that are major sources of naturally occurring sugars (Guthrie and
Morton, 2000). Currently, U.S. food labels contain information on total
sugars per serving, but do not distinguish between sugars naturally present
in foods and added sugars.

Definition of Starch

Starch consists of less than 1,000 to many thousands of α-linked
glucose units. Amylose is the linear form of starch that consists of
α-(1,4) linkages of glucose polymers. Amylopectin consists of the linear

TABLE 6-1 Amount of Sugars That Can Be Added for Three
Different Energy Intakes That Meet the Food Guide Pyramid

Food Guide Pyramid Patterns
at Three Calorie Levels Pattern A Pattern B Pattern C

Kilocalories (approximate) 1,600 2,200 2,800
Bread/grain group (servings) 6 9 11
Vegetable group (servings) 3 4 5
Fruit group (servings) 2 3 4
Milk group (servings) 2–3 2–3 2–3
Meat group (oz) 5 6 7
Total fat (g) 53 73 93
Total added sugars (tsp)a 6 12 18

a 1 tsp added sugars = 4 g added sugars.
SOURCE: USDA (1996).
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α-(1,4) glucose polymers, as well as branched 1-6 glucose polymers. The
amylose starches are compact, have low solubility, and are less rapidly
digested. They are prone to retrogradation (hydrogen bonding between
amylose units) to form resistant starches (RS3). The amylopectin starches
are digested more rapidly, presumably because of the more effective enzy-
matic attack of the more open-branched structure.

Definition of Glycemic Response, Glycemic Index,
and Glycemic Load

Foods containing carbohydrate have a wide range of effects on blood
glucose concentration during the time course of digestion (glycemic
response), with some resulting in a rapid rise followed by a rapid fall in
blood glucose concentration, and others resulting in a slow extended rise
and a slow extended fall. Prolonging the time over which glucose is avail-
able for absorption in healthy individuals greatly reduces the postprandial
glucose response (Jenkins et al., 1990). Holt and coworkers (1997), how-
ever, reported that the insulin response to consumption of carbohydrate
foods is influenced by the level of the glucose response, but varies among
individuals and with the amount of carbohydrate consumed. Adults with
type 1 or type 2 diabetes have been shown to have similar glycemic responses
to specific foods (Wolever et al., 1987), whereas glycemic responses were
shown to vary with severity of diabetes (Gannon and Nuttall, 1987).
Individuals with lactose maldigestion have reduced glycemic responses to
lactose-containing items (Maxwell et al., 1970).

The glycemic index (GI) is a classification proposed to quantify the
relative blood glucose response to foods containing carbohydrate (Jenkins
et al., 1981). It is defined as the area under the curve for the increase in
blood glucose after the ingestion of a set amount of carbohydrate in an
individual food (e.g., 50 g) in the 2-hour postingestion period as compared
with ingestion of the same amount of carbohydrate from a reference food
(white bread or glucose) tested in the same individual, under the same
conditions, using the initial blood glucose concentration as a baseline.
The average daily dietary GI of a meal is calculated by summing the
products of the carbohydrate content per serving for each food, times the
average number of servings of that food per day, multiplied by the GI, and
all divided by the total amount of carbohydrate (Wolever and Jenkins,
1986). Individual foods have characteristic values for GI (Foster-Powell
and Brand Miller, 1995), although within-subject and between-subject vari-
ability is relatively large (Wolever et al., 1991). Because GI has been deter-
mined by using 50-g carbohydrate portions of food, it is possible that there
is a nonlinear response between the amount of food ingested, as is the
case for fructose (Nuttall et al., 1992) and the glycemic response.
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The average glycemic load is derived the same way as the GI, but
without dividing by the total amount of carbohydrate consumed. Thus,
glycemic load is an indicator of glucose response or insulin demand that is
induced by total carbohydrate intake.

GI is referred to throughout this chapter because many studies have
used this classification system. This does not imply that it is the best or only
system for classifying glycemic responses or other statistical associations.
The GI approach does not consider different metabolic responses to the
ingestion of sugars versus starches, even though they may have the same
GI values (Jenkins et al., 1988b).

Utilization of the Glycemic Index

Several food characteristics that influence GI are summarized in
Table 6-2. Broadly speaking, the two main factors that influence GI are
carbohydrate type and physical determinants of the rate of digestion, such
as whether grains are intact or ground into flour, food firmness resulting
from cooking, ripeness, and soluble fiber content (Wolever, 1990). Intrin-
sic factors such as amylose:amylopectin ratio, particle size and degree of
gelatinization, as well as extrinsic factors such as enzyme inhibitors and
food preparation and processing, affect GI in their ability to interact with
digestive enzymes and the consequent production of monosaccharides.
With progressive ripeness of foods, there is a decrease in starch and an
increase in free sugar content. The ingestion of fat and protein has been
shown to decrease the GI of foods by increasing plasma glucose disposal
through the increased secretion of insulin and possibly other hormones
(Gannon et al., 1993; Nuttall et al., 1984). Significantly high correlations
between GI and protein, fat, and total caloric content were observed and

TABLE 6-2 Factors That Reduce the Rate of Starch
Digestibility and the Glycemic Index

Intrinsic Extrinsic

High amylose:amylopectin ratio Protective insoluble fiber seed coat as
in whole intact grains

Intact grain/large particle size Viscous fibers
Intact starch granules Enzyme inhibitors
Raw, ungelatinized or unhydrated starch Raw foods (vs. cooked foods)
Physical interaction with fat or protein Minimal food processing

Reduced ripeness in fruit
Minimal (compared to extended)

storage
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explained 87 percent of the variation in glycemic response among foods
(Hollenbeck et al., 1986). In addition to these factors, the GI of a meal can
affect the glycemic response of the subsequent meal (Ercan et al., 1994;
Wolever et al., 1988). Examples of published values for the GI of pure
carbohydrates and other food items are shown in Table 6-3.

A number of research groups have reported a significant relationship
between mixed-meal GI predicted from individual food items and either
the GI measured directly (Chew et al., 1988; Collier et al., 1986; Gulliford
et al., 1989; Indar-Brown et al., 1992; Järvi et al., 1995; Wolever and Jenkins,
1986; Wolever et al., 1985, 1990) or metabolic parameters such as high

TABLE 6-3 Glycemic Index (GI) of Common Foods

GI
Food Item (White Bread = 100)

Rice, white, low-amylose 126
Baked potato 121
Corn flakes 119
Rice cakes 117
Jelly beans 114
Cheerios 106
Carrots 101
White bread 101
Wheat bread 99
Soft drink 97
Angel food cake 95
Sucrose 92
Cheese pizza 86
Spaghetti (boiled) 83
Popcorn 79
Sweet corn 78
Banana 76
Orange juice 74
Rice, Uncle Ben’s converted long-grain 72
Green peas 68
Oat bran bread 68
Orange 62
All-Bran cereal 60
Apple juice 58
Pumpernickel bread 58
Apple 52
Chickpeas 47
Skim milk 46
Kidney beans 42
Fructose 32

SOURCE: Foster-Powell and Brand Miller (1995).
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density lipoprotein cholesterol concentration that are known to be influ-
enced by GI (Liu et al., 2001). Although the glycemic response of diabetics
is distinctly higher than that of healthy individuals, the relative response to
different types of mixed meals is similar (Indar-Brown et al., 1992; Wolever
et al., 1985). The prediction of GI in mixed meals by Wolever and Jenkins
(1986) is shown in Figure 6-1. In contrast, some studies reported no such
relationship between the calculated and measured GI of mixed meals
(Coulston et al., 1984; Hollenbeck et al., 1986; Laine et al., 1987).

There are a number of reasons why different groups have reported
different findings on the calculation of GI in mixed meals. As previously
discussed, there are a number of intrinsic (e.g., particle size) and extrinsic
(e.g., ingestion of fat and protein, degree of food preparation) factors that
can affect the glycemic response of a meal (Table 6-2), some of which are
known to also affect the absorption of other nutrients such as vitamins and
minerals. For instance, coingestion of dietary fat and protein can some-
times have a significant influence on the glucose response of a carbohydrate-
containing food, with a reduction in the glucose response generally seen
with increases in fat or protein content (Gulliford et al., 1989; Holt et al.,
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FIGURE 6-1 Correlation between calculated glycemic index (GI) of four test meals
(•) and incremental blood glucose response areas. Based on data from Coulston et
al. (1984). Reproduced, with permission, from Wolever and Jenkins (1986). Copy-
right 1986 by the American Society for Clinical Nutrition.
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1997). Palatability can have an influence on GI, independent of food type
and composition (Sawaya et al., 2001). Furthermore, there are expected
inherent biological variations in glucose control and carbohydrate toler-
ance that are unrelated to the GI of a meal. Finally, varied experimental
design and methods for calculating the area under the blood glucose curve
can result in a different glycemic response to meals of a similar predicted
GI (Coulston et al., 1984; Wolever and Jenkins, 1986). For instance, it is
important that the incremental area, rather than the absolute area, under
the blood glucose curve be measured (Wolever and Jenkins, 1986). Taken
together, the results from these different studies indicate that the GI of
mixed meals can usually be predicted from the GI of individual food
components.

Physiology of Digestion, Absorption, and Metabolism

Digestion

Starch. The breakdown of starch begins in the mouth where salivary
amylase acts on the interior α-(1,4) linkages of amylose and amylopectin.
The digestion of these linkages continues in the intestine where pancre-
atic amylase is released. Amylase digestion produces large oligosaccharides
(α-limit dextrins) that contain approximately eight glucose units of one or
more α-(1,6) linkages. The α-(1,6) linkages are cleaved more easily than
the α-(1,4) linkages.

Oligosaccharides and Sugars. The microvilli of the small intestine extend
into an unstirred water layer phase of the intestinal lumen. When a limit
dextrin, trisaccharide, or disaccharide enters the unstirred water layer, it is
rapidly hydrolyzed by enzymes bound to the brush border membrane.
These limit dextrins, produced from starch digestion, are degraded by
glucoamylase, which removes glucose units from the nonreducing end to
yield maltose and isomaltose. Maltose and isomaltose are degraded by
intestinal brush border disaccharidases (e.g., maltase and sucrase). Maltase,
sucrase, and lactase digest sucrose and lactose to monosaccharides prior to
absorption.

Intestinal Absorption

Monosaccharides first diffuse across to the enterocyte surface, followed
by movement across the brush border membrane by one of two mecha-
nisms: active transport or facilitated diffusion.



DIETARY CARBOHYDRATES: SUGARS AND STARCHES 273

Active Transport. The intestine is one of two organs that vectorially
transports hexoses across the cell into the bloodstream. The mature
enterocytes capture the hexoses directly ingested from food or produced
from the digestion of di- and polysaccharides. Active transport of sugars
involves sodium dependent glucose transporters (SGLTs) in the brush
border membrane (Díez-Sampedro et al., 2001). Sodium is pumped from
the cell to create a gradient between the interior of the cell and the lumen
of the intestine, requiring the hydrolysis of adenosine triphosphate (ATP).
The resultant gradient results in the cotransport of one molecule each of
sodium and glucose. Glucose is then transported across the basolateral
membrane of the small intestine by glucose transporter (GLUT) 2. Similar
to glucose, galactose utilizes SGLT cotransporters and basolateral GLUT 2.
Fructose is not transported by SGLT cotransporters.

Facilitated Diffusion. There are also transporters of glucose that require
neither sodium nor ATP. The driving force for glucose transport is the
glucose gradient and the energy change that occurs when the unstirred
water layer is replaced with glucose. In this type of transport, called facili-
tated diffusion, glucose is transported down its concentration gradient
(from high to low). Fructose is also transported by facilitated diffusion.
One facilitated glucose transporter, GLUT 5, has been identified in the
small intestine (Levin, 1999). GLUT 5 appears to transport glucose poorly
and is the main transporter of fructose.

Metabolism

Cellular Uptake. Absorbed sugars are transported throughout the body
to cells as a source of energy. The concentration of glucose in the blood is
highly regulated by the release of insulin. Uptake of glucose by the
adipocyte and muscle cell is dependent upon the binding of insulin to a
membrane-bound insulin receptor that increases the translocation of intra-
cellular glucose transporters (GLUT 4) to the cell membrane surface for
uptake of glucose. GLUT 1 is the transporter of the red blood cell; how-
ever, it is also present in the plasma membrane of many other tissues
(Levin, 1999). Besides its involvement in the small intestine, GLUT 2 is
expressed in the liver and can also transport galactose, mannose, and fruc-
tose (Levin, 1999). GLUT 3 is important in the transport of glucose into
the brain (Levin, 1999).

Intracellular Utilization of Galactose. Absorbed galactose is primarily the
result of lactose digestion. The majority of galactose is taken up by the
liver where it is metabolized to galactose-1-phosphate, which is then con-
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verted to glucose-1-phosphate. Most of the glucose-1-phosphate derived
from galactose metabolism is converted to glycogen for storage.

Intracellular Utilization of Fructose. Absorbed fructose, from either direct
ingestion of fructose or digestion of sucrose, is transported to the liver and
phosphorylated to fructose-1-phosphate, an intermediate of the glycolytic
pathway, which is further cleaved to glyceraldehyde and dihydroxyacetone
phosphate (DHAP). DHAP is an intermediary metabolite in both the
glycolytic and gluconeogenic pathways. The glyceraldehyde can be con-
verted to glycolytic intermediary metabolites that serve as precursors for
glycogen synthesis. Glyceraldehyde can also be used for triacylglycerol
synthesis, provided that sufficient amounts of malonyl coenzyme A (CoA)
(a precursor for fatty acid synthesis) are available.

Intracellular Utilization of Glucose. Glucose is a major fuel used by most
cells in the body. In muscle, glucose is metabolized anaerobically to lactate
via the glycolytic pathway. Pyruvate is decarboxylated to acetyl CoA, which
enters the tricarboxylic acid (TCA) cycle. Reduced coenyzmes generated
in the TCA cycle pass off their electrons to the electron transport system,
where it is completely oxidized to carbon dioxide and water. This results
in the production of the high-energy ATP that is needed for many other
metabolic reactions. After the consumption of carbohydrates, fat oxida-
tion is markedly curtailed, allowing glucose oxidation to provide most of
the body’s energy needs. In this manner, the body’s glucose and glycogen
content can be reduced toward more normal concentrations.

Gluconeogenesis. Glucose can be synthesized via gluconeogenesis, a
metabolic pathway that requires energy. Gluconeogenesis in the liver and
renal cortex is inhibited via insulin following the consumption of carbohy-
drates and is activated during fasting, allowing the liver to continue to
release glucose to maintain adequate blood glucose concentrations.

Glycogen Synthesis and Utilization. Glucose can also be converted to
glycogen (glycogenesis), which contains α-(1-4) and α-(1-6) linkages of
glucose units. Glycogen is present in the muscle for storage and utilization
and in the liver for storage, export, and maintenance of blood glucose
concentrations. Glycogenesis is activated in skeletal muscle by a rise in
insulin concentration following the consumption of carbohydrate. In the
liver, glycogenesis is activated directly by an increase in circulating glucose,
fructose, galactose, or insulin concentration. Muscle glycogen is mainly
used in the muscle. Following glycogenolysis, glucose can be exported
from the liver for maintenance of normal blood glucose concentrations
and for use by other tissues.
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Formation of Amino Acids and Fatty Acids from Carbohydrates. Pyruvate
and intermediates of the TCA cycle are precursors of certain nonessential
amino acids. A limited amount of carbohydrate is converted to fat because
de novo lipogenesis is generally quite minimal (Hellerstein, 1999; Parks
and Hellerstein, 2000). This finding is true for those who are obese, indi-
cating that the vast majority of deposited fat is not derived from dietary
carbohydrate when consumed at moderate levels.

Insulin. Based on the metabolic functions of insulin discussed above,
the ingestion of carbohydrate produces an immediate increase in plasma
insulin concentrations. This immediate rise in plasma insulin concentra-
tion minimizes the extent of hyperglycemia after a meal. The effects of
insulin deficiency (elevated blood glucose concentration) are exemplified
by type 1 diabetes. Individuals who have type 2 diabetes may or may not
produce insulin and insulin-dependent muscle and adipose tissue cells
may or may not respond to increased insulin concentrations (insulin resis-
tant); therefore, circulating glucose is not effectively taken up by these
tissues and metabolized.

Clinical Effects of Inadequate Intake

The lower limit of dietary carbohydrate compatible with life appar-
ently is zero, provided that adequate amounts of protein and fat are con-
sumed. However, the amount of dietary carbohydrate that provides for
optimal health in humans is unknown. There are traditional populations
that ingested a high fat, high protein diet containing only a minimal
amount of carbohydrate for extended periods of time (Masai), and in
some cases for a lifetime after infancy (Alaska and Greenland Natives,
Inuits, and Pampas indigenous people) (Du Bois, 1928; Heinbecker, 1928).
There was no apparent effect on health or longevity. Caucasians eating an
essentially carbohydrate-free diet, resembling that of Greenland natives,
for a year tolerated the diet quite well (Du Bois, 1928). However, a detailed
modern comparison with populations ingesting the majority of food energy
as carbohydrate has never been done.

 It has been shown that rats and chickens grow and mature success-
fully on a carbohydrate-free diet (Brito et al., 1992; Renner and Elcombe,
1964), but only if adequate protein and glycerol from triacylglycerols are
provided in the diet as substrates for gluconeogenesis. It has also been
shown that rats grow and thrive on a 70 percent protein, carbohydrate-free
diet (Gannon et al., 1985). Azar and Bloom (1963) also reported that
nitrogen balance in adults ingesting a carbohydrate-free diet required the
ingestion of 100 to 150 g of protein daily. This, plus the glycerol obtained
from triacylglycerol in the diet, presumably supplied adequate substrate
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for gluconeogenesis and thus provided at least a minimal amount of com-
pletely oxidizable glucose.

The ability of humans to starve for weeks after endogenous glycogen
supplies are essentially exhausted is also indicative of the ability of humans
to survive without an exogenous supply of glucose or monosaccharides
convertible to glucose in the liver (fructose and galactose). However,
adaptation to a fat and protein fuel requires considerable metabolic
adjustments.

The only cells that have an absolute requirement for glucose as an
oxidizable fuel are those in the central nervous system (i.e., brain) and
those cells that depend upon anaerobic glycolysis (i.e., the partial oxida-
tion of glucose to produce lactate and alanine as a source of energy), such
as red blood cells, white blood cells, and medulla of the kidney. The central
nervous system can adapt to a dietary fat-derived fuel, at least in part
(Cahill, 1970; Sokoloff, 1973). Also, the glycolyzing cells can obtain their
complete energy needs from the indirect oxidation of fatty acids through
the lactate and alanine-glucose cycles.

In the absence of dietary carbohydrate, de novo synthesis of glucose
requires amino acids derived from the hydrolysis of endogenous or dietary
protein or glycerol derived from fat. Therefore, the marginal amount of
carbohydrate required in the diet in an energy-balanced state is condi-
tional and dependent upon the remaining composition of the diet. Never-
theless, there may be subtle and unrecognized, untoward effects of a very
low carbohydrate diet that may only be apparent when populations not
genetically or traditionally adapted to this diet adopt it. This remains to be
determined but is a reasonable expectation.

Of particular concern in a Western, urbanized society is the long-term
consequences of a diet sufficiently low in carbohydrate such that it creates
a chronically increased production of β-hydroxybutyric and acetoacetic
acids (i.e., keto acids). The concern is that such a diet, deficient in water-
soluble vitamins and some minerals, may result in bone mineral loss, may
cause hypercholesterolemia, may increase the risk of urolithiasis (Vining,
1999), and may affect the development and function of the centra1 ner-
vous system. It also may adversely affect an individual’s general sense of
well being (Bloom and Azar, 1963), although in men starved for an
extended period of time, encephalographic tracings remained unchanged
and psychometric testing showed no deficits (Owen et al., 1967). It also
may not provide for adequate stores of glycogen. The latter is required for
hypoglycemic emergencies and for maximal short-term power production
by muscles (Hultman et al., 1999).
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EVIDENCE CONSIDERED FOR ESTIMATING THE AVERAGE
REQUIREMENT FOR CARBOHYDRATE

The endogenous glucose production rate, and thus the utilization rate,
depends on the duration of starvation. Glucose production has been deter-
mined in a number of laboratories using isotopically labeled glucose
(Amiel et al., 1991; Arslanian and Kalhan, 1992; Bier et al., 1977; Denne
and Kalhan, 1986; Kalhan et al., 1986; King et al., 1982; Patel and Kalhan,
1992). In overnight fasted adults (i.e., postabsorptive state), glucose
production is approximately 2 to 2.5 mg/kg/min, or approximately 2.8 to
3.6 g/kg/d. In a 70-kg man, this represents approximately 210 to 270 g/d.
In the postabsorptive state, approximately 50 percent of glucose production
comes from glycogenolysis in liver and 50 percent from gluconeogenesis
in the liver (Chandramouli et al., 1997; Landau et al., 1996).

The minimal amount of carbohydrate required, either from endogenous
or exogenous sources, is determined by the brain’s requirement for glucose.
The brain is the only true carbohydrate-dependent organ in that it oxidizes
glucose completely to carbon dioxide and water. Normally, the brain uses
glucose almost exclusively for its energy needs. The endogenous glucose
production rate in a postabsorptive state correlates very well with the esti-
mated size of the brain from birth to adult life. However, not all of the
glucose produced is utilized by the brain (Bier et al., 1977; Felig, 1973).
The requirement for glucose has been reported to be approximately 110
to 140 g/d in adults (Cahill et al., 1968). Nevertheless, even the brain can
adapt to a carbohydrate-free, energy-sufficient diet, or to starvation, by
utilizing ketoacids for part of its fuel requirements. When glucose produc-
tion or availability decreases below that required for the complete energy
requirements for the brain, there is a rise in ketoacid production in the
liver in order to provide the brain with an alternative fuel. This has been
referred to as “ketosis.” Generally, this occurs in a starving person only
after glycogen stores in the liver are reduced to a low concentration and
the contribution of hepatic glycogenolysis is greatly reduced or absent
(Cahill et al., 1968). It is associated with approximately a 20 to 50 percent
decrease in circulating glucose and insulin concentration (Carlson et al.,
1994; Owen et al., 1998; Streja et al., 1977). These are signals for adipose
cells to increase lipolysis and release nonesterified fatty acids and glycerol
into the circulation. The signal also is reinforced by an increase in circulat-
ing epinephrine, norepinephrine, glucagon, and growth hormone con-
centration (Carlson et al., 1994). The nonesterified fatty acids are removed
by the liver and converted into ketoacids, which then diffuse out of the
liver into the circulation. The increase in nonesterified fatty acids results
in a concentration-dependent exponential increase in ketoacids (Hanson
et al., 1965); glucagon facilitates this process (Mackrell and Sokal, 1969).
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In an overnight fasted person, the circulating ketoacid concentration
is very low, but with prolonged starvation the concentration increases
dramatically and may exceed the molar concentration of glucose (Cahill,
1970; Streja et al., 1977). In individuals fully adapted to starvation, ketoacid
oxidation can account for approximately 80 percent of the brain’s energy
requirements (Cahill et al., 1973). Thus, only 22 to 28 g/d of glucose are
required to fuel the brain. This is similar to the total glucose oxidation
rate integrated over 24 hours determined by isotope-dilution studies in
these starving individuals (Carlson et al., 1994; Owen et al., 1998).

Overall, the key to the metabolic adaptation to extended starvation is
the rise in circulating nonesterified fatty acid concentrations and the large
increase in ketoacid production. The glycerol released from the hydrolysis
of triacylglycerols stored in fat cells becomes a significant source of sub-
strate for gluconeogenesis, but the conversion of amino acids derived from
protein catabolism into glucose is also an important source. Interestingly,
in people who consumed a protein-free diet, total nitrogen excretion was
reported to be in the range of 2.5 to 3.5 g/d (35 to 50 mg/kg), or the
equivalent of 16 to 22 g of catabolized protein in a 70-kg man (Raguso et
al., 1999). Thus, it is similar to that in starving individuals (3.7 g/d) (Owen
et al., 1998). Overall, this represents the minimal amount of protein oxi-
dized through gluconeogenic pathways (Du Bois, 1928). This amount of
protein is considerably less than the Recommended Dietary Allowance
(RDA) of 0.8 g/kg/d for adults with a normal body mass index (Chapter 10).
For a 70-kg lean male, this equals 56 g/d of protein, which is greater than
the estimated obligate daily loss in body protein from the shedding of
cells, secretions, and other miscellaneous functions (approximately 6 to
8 g/d for a 70-kg man; see Chapter 10) and has been assumed to be due to
inefficient utilization of amino acids for synthesis of replacement proteins
and other amino acid-derived products (Gannon and Nuttall, 1999). In
part, it also may represent the technical difficulty in determining a mini-
mal daily protein requirement (see Chapter 10).

If 56 g/d of dietary protein is required for protein homeostasis, but
the actual daily loss of protein is only approximately 7 g, then presumably
the remaining difference (49 g) is metabolized and may be utilized for
new glucose production. It has been determined that for ingested animal
protein, approximately 0.56 g of glucose can be derived from every 1 g of
protein ingested (Janney, 1915). Thus, from the 49 g of protein not directly
utilized to replace loss of endogenous protein or not used for other
synthetic processes, approximately 27 g (0.56 × 49) of glucose may be
produced. In people on a protein-free diet or who are starving, the 16 to
22 g of catabolized protein could provide 10 to 14 g of glucose.

If the starving individual’s energy requirement is 1,800 kcal/d and
95 percent is supplied by fat oxidation either directly or indirectly through
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oxidation of ketoacids (Cahill et al., 1973), then fat oxidation represents
1,710 kcal/d, or 190 g based upon approximately 9 kcal/g fat. The glycerol
content of a typical triacylglycerol is 10 percent by weight, or in this case
19 g of glycerol, which is equivalent to approximately 19 g of glucose. This,
plus the amount of glucose potentially derived from protein, gives a total
of approximately 30 to 34 g ([10 to 14] + 19). Thus, a combination of
protein and fat utilization is required to supply the small amount of glucose
still required by the brain in a person fully adapted to starvation. Presum-
ably this also would be the obligatory glucose requirement in people
adapted to a carbohydrate-free diet. Thus, the normal metabolic adapta-
tion to a lack of dietary protein, as occurs in a starving person in whom the
protein metabolized is in excess of that lost daily, is to provide the glucose
required by the brain. Nevertheless, utilization of this amount of glucose
by the brain is vitally important. Without it, function deteriorates dramati-
cally, at least in the brain of rats (Sokoloff, 1973).

The required amount of glucose could be derived easily from ingested
protein alone if the individual was ingesting a carbohydrate-free, but
energy-adequate diet containing protein sufficient for nitrogen balance.
However, ingested amounts of protein greater than 30 to 34 g/d would
likely stimulate insulin secretion unless ingested in small amounts through-
out a 24-hour period. For example, ingestion of 25 to 50 g of protein at a
single time stimulates insulin secretion (Krezowski et al., 1986; Westphal et
al., 1990), despite a lack of carbohydrate intake. This rise in insulin would
result in a diminution in the release of fatty acids from adipose cells and as
a consequence, reduce ketoacid formation and fatty acid oxidation. The
ultimate effect would be to increase the requirement for glucose of the
brain and other organs. Thus, the minimal amount of glucose irreversibly
oxidized to carbon dioxide and water requires utilization of a finely bal-
anced ratio of dietary fat and protein.

Azar and Bloom (1963) reported that 100 to 150 g/d of protein was
necessary for maintenance of nitrogen balance. This amount of protein
could typically provide amino acid substrate sufficient for the production
of 56 to 84 g of glucose daily. However, daily infusion of 90 g of an amino
acid mixture over 6 days to both postoperative and nonsurgical starving
adults has been reported to reduce urinary nitrogen loss without a sig-
nificant change in glucose or insulin concentration, but with a dramatic
increase in ketoacids (Hoover et al., 1975). Thus, the issue becomes com-
plex in nonstarving people.

Glucose utilization by the brain has been determined either by mea-
suring arteriovenous gradients of glucose, oxygen, lactate, and ketones
across the brain and the respiratory quotient (Kety, 1957; Sokoloff, 1973),
or with estimates of brain blood flow determined by different methods
(e.g., NO2 diffusion). A major problem with studies based on arteriovenous
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differences is the limited accuracy of the blood flow methods used
(Settergren et al., 1976, 1980). Using 18F-2-fluoro-2-deoxyglucose and
positron emission tomography, the rate of glucose accumulation in the
brain also has been determined (Chugani, 1993; Chugani and Phelps,
1986; Chugani et al., 1987; Hatazawa et al., 1987). This is an indirect
method for measuring glucose utilization, and also has limitations
(Hatazawa et al., 1987). Brain O2 consumption in association with the
brain respiratory quotient also has been used as an indirect estimate of
glucose utilization (Kalhan and Kiliç, 1999).

Only data determined by direct measurement of glucose arteriovenous
difference across the brain in association with determination of brain
blood flow can be considered for setting an Estimated Average Require-
ment (EAR), although the other, indirect methods yield similar results.
The glucose consumption by the brain can be used along with informa-
tion from Dobbing and Sands (1973) and Dekaban and Sadowsky (1978),
which correlated weight of the brain with body weight to calculate glucose
utilization.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Infants Ages 0 Through 12 Months

Methods Considered to Set the AI

Carbohydrate Utilization by the Brain. In infants, the brain size relative
to body size is greater than that in adults. The brain utilizes approximately
60 percent of the infant’s total energy intake (Gibbons, 1998). Therefore,
the turnover of glucose per kilogram of body weight can be up to fourfold
greater in the infant compared to the adult (Kalhan and Kiliç, 1999).

The infant brain is fully capable of using ketoacids as fuel. In species
in which the mothers’ milk is very high in fat, such as in rats, the circulat-
ing ketoacid concentration is very high in the suckling pups, and the
ketoacids are an important source of fuel for the developing brain
(Edmond et al., 1985; Sokoloff, 1973). In addition, the gluconeogenic
pathway is well developed even in premature human infants (Sunehag et
al., 1999). Indeed, provided that adequate lipid and protein substrates are
supplied, gluconeogenesis can account for the majority of glucose turn-
over. Whether gluconeogenesis can account for the entire glucose require-
ment in infants has not been tested.

Growth. Studies have been performed using artificial formula feedings
and varying the fat and carbohydrate content while keeping the protein
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content constant (9 percent) (Fomon et al., 1976). Fomon and coworkers
(1976) provided infants with formulas containing either 34 or 62 percent
of energy from carbohydrate for 104 days. There were no significant dif-
ferences in the length or weight of the infants fed the two formulas. Inter-
estingly, it also did not affect the total food energy consumed over the 6 or
12 months of life. From the limited data available, the lowest intake that
has been documented to be adequate is 30 percent of total food energy.
However, it is likely that infants also may grow and develop normally on a
very low or nearly carbohydrate-free diet since their brains’ enzymatic
machinery for oxidizing ketoacids is more efficient than it is in adults
(Sokoloff, 1973).

Human Milk. The lower limit of dietary carbohydrate compatible with
life or for optimal health in infants is unknown. Human milk is recognized
as the optimal milk source for infants throughout at least the first year of
life and is recommended as the sole nutritional milk source for infants
during the first 4 to 6 months of life (IOM, 1991). Carbohydrate in human
milk is almost exclusively lactose (Table 6-4). The only source of lactose in
the animal kingdom is from the mammary gland and therefore is found
only in mammals. Lactose is readily hydrolyzed in the infant intestine. The
resulting glucose and galactose also readily pass into the portal venous
system. They are carried to the liver where the galactose is converted to
glucose and either stored as glycogen or released into the general circula-
tion and oxidized. The net result is the provision of two glucose molecules
for each lactose molecule ingested. The reason why lactose developed as
the carbohydrate fuel produced by the mammary gland is not understood.
One reason may be that the provision of a disaccharide compared to a
monosaccharide reduces the osmolality of milk. Lactose has also been
reported to facilitate calcium absorption from the gut, which otherwise is
not readily absorbed from the immature infant intestine (Condon et al.,
1970; Ziegler and Fomon, 1983). However, isotopic tracer data have not
confirmed this (Kalhan and Kiliç, 1999).

The lactose content of human milk is approximately 74 g/L and
changes little over the total nursing period (Dewey and Lönnerdal, 1983;
Dewey et al., 1984; Lammi-Keefe et al., 1990; Nommsen et al., 1991) (Table
6-4). However, the volume of milk consumed by the infant decreases gradu-
ally over the first 12 months of life as other foods are gradually introduced
into the feeding regimen. Over the first 6 months of life, the volume con-
sumed is about 0.78 L/d (see Chapter 2); therefore approximately 60 g of
carbohydrate represents about 37 percent of total food energy (see Chap-
ter 5) (Nommsen et al., 1991). This amount of carbohydrate and the ratio
of carbohydrate to fat in human milk can be assumed to be optimal for
infant growth and development over the first 6 months of life.
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TABLE 6-4 Total Carbohydrate Content of Human Milk

Total Total Total
Reference Stage of Carbohydrate Lactose Glucose

Lactation Content (g/L) Content (g/L) Content (g/L)

Anderson 3–5 d 51.4 ± 2.2
et al., 1981 8–11 d 59.8 ± 2.3

26–29 d 65.1 ± 2.3

Anderson 3 d 62 ± 9
et al., 1983 7 d 67 ± 5

14 d 67 ± 6

Dewey and 1 mo 70.5 ± 5.6
Lönnerdal, 2 mo 72.1 ± 6.2
1983 3 mo 71.3 ± 7.9

4 mo 76.1 ± 4.0
5 mo 76.2 ± 3.3
6 mo 77.5 ± 2.7

Dewey et al., 4–6 mo 77.1 ± 3.0
1984 7–11 mo 75.7 ± 3.6

12–20 mo 72.3 ± 4.3

Neville et al., 33–210 d Mid-feed: 72.1 Mid-feed: 0.27
1984 Median 115 d Pooled Pooled

pumped: 71.8 pumped: 0.27

Ferris et al., 2 wk 62.5 ± 6.5
1988 6 wk 67.8 ± 6.4

12 wk 68.5 ± 7.3
16 wk 70.0 ± 6.5

Lammi-Keefe 8 wk 76.2 ± 3.2 0.26 ± 0.05
et al., 1990 73.6 ± 3.8 0.31 ± 0.05

77.4 ± 6.7 0.33 ± 0.06
74.2 ± 4.7 0.33 ± 0.08
80.1 ± 4.6 0.33 ± 0.06

Allen et al., 21 d 63.4 ± 0.7 0.27 ± 0.01
1991 45 d 65.6 ± 0.4 0.27 ± 0.01

90 d 67.7 ± 0.7 0.31 ± 0.01
180 d 68.8 ± 1.4 0.32 ± 0.02

Nommsen 3 mo 74.4 ± 1.5
et al., 1991 6 mo 74.4 ± 1.9

9 mo 73.5 ± 2.9
12 mo 74.0 ± 2.7

continued
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The method used to set the Adequate Intake (AI) for older infants is
carbohydrate intake from human milk and complementary foods (see
Chapter 2). According to the Third National Health and Nutrition Exami-
nation Survey, the median carbohydrate intake from weaning food for
ages 7 through 12 months was 50.7 ± 5 g/d (standard error of the mean).
Based on an average volume of 0.6 L/d of human milk that is secreted
(Chapter 2), the carbohydrate intake from human milk is 44 g/d (0.6 L/d
× 74 g/L). Therefore, the total intake of carbohydrate from human milk
and complementary foods is 95 g/d (44 + 51).

Carbohydrate AI Summary, Ages 0 Through 12 Months

The AI is based on the average intake of carbohydrate consumed from
human milk and complementary foods.

AI for Infants
0–6 months 60 g/d of carbohydrate

7–12 months 95 g/d of carbohydrate

Special Considerations

The carbohydrate content of milk protein-based formulas for term
infants is similar to that of human milk (70 to 74 g/L). Whole cow milk
contains lower concentrations of carbohydrate than human milk (48 g/L)
(Newburg and Neubauer, 1995). In addition to lactose, conventional infant
formulas can also contain sucrose or glucose polymers.

TABLE 6-4 Continued

Total Total Total
Reference Stage of Carbohydrate Lactose Glucose

Lactation Content (g/L) Content (g/L) Content (g/L)

Coppa et al., 4 d 78.1 ± 8.08 56.0 ± 6.06
1993 10 d 83.8 ± 6.45 62.5 ± 5.74

30 d 80.6 ± 6.90 64.1 ± 6.45
60 d 79.8 ± 7.01 66.2 ± 6.88
90 d 79.3 ± 7.03 66.3 ± 7.08

120 d 82.2 ± 10.31 68.9 ± 8.16
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Children and Adolescents Ages 1 Through 18 Years

Evidence Considered in Estimating the Average Requirement

In the newborn, the brain weight is approximately 380 g; by age 1 year
this has increased to approximately 1,000 g in boys and approximately 980
g in girls (Dekaban and Sadowsky, 1978; Dobbing and Sands, 1973), with a
corresponding increase in energy requirement. After 1 year of age, there
is a further increase in brain weight up to 5 years of age (approximately
1,300 g in boys and 1,150 g in girls). Subsequently, the brain size increases
only modestly. The consumption of glucose by the brain after age 1 year
also remains rather constant or increases modestly and is in the range
reported for adults (approximately 31 µmol/100 g of brain/min) (Kennedy
and Sokoloff, 1957; Sokoloff et al., 1977). Therefore, the Estimated Average
Requirement (EAR) for carbohydrate is set based on information used for
adults (see “Adults Ages 19 Years and Older”). As for adults, the EAR is the
same for both genders since differences in brain glucose utilization are
small.

The amount of glucose produced from obligatory endogenous protein
catabolism in children is not known. Therefore, this information was not
considered in the derivation of the EAR for children. Children ages 2 to
9 years have requirements for carbohydrate that are similar to adults. This
is based on population data in which animal-derived foods are ingested
exclusively (e.g., Alaska and Greenland natives), as well as in children with
epilepsy who have been treated with ketogenic diets for extended periods
of time (Swink et al., 1997; Vining, 1999). In these children, the ketoacid
concentration was in the range of 2 to 3 mmol/L (i.e., similar to that in a
starving adult) (Nordli et al., 1992).

Carbohydrate EAR and RDA Summary, Ages 1 Through 18 Years

EAR for Children
1–3 years 100 g/d of carbohydrate
4–8 years 100 g/d of carbohydrate

EAR for Boys
9–13 years 100 g/d of carbohydrate

14–18 years 100 g/d of carbohydrate

EAR for Girls
9–13 years 100 g/d of carbohydrate

14–18 years 100 g/d of carbohydrate
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The Recommended Dietary Allowance (RDA) for carbohydrate is set
by using a coefficient of variation (CV) of 15 percent based on the varia-
tion in brain glucose utilization. The RDA is defined as equal to the EAR
plus twice the CV to cover the needs of 97 to 98 percent of the individuals
in the group (therefore, for carbohydrate the RDA is 130 percent of the
EAR).

RDA for Children
1–3 years 130 g/d of carbohydrate
4–8 years 130 g/d of carbohydrate

RDA for Boys
9–13 years 130 g/d of carbohydrate

14–18 years 130 g/d of carbohydrate

RDA for Girls
9–13 years 130 g/d of carbohydrate

14–18 years 130 g/d of carbohydrate

Adults Ages 19 Years and Older

Evidence Considered in Estimating the Average Requirement

Glucose Utilization by the Brain. Long-term data in Westernized popula-
tions, which could determine the minimal amount of carbohydrate com-
patible with metabolic requirements and for optimization of health, are
not available. Therefore, it is provisionally suggested that an EAR for
carbohydrate ingestion in the context of overall food energy sufficiency be
based on an amount of digestible carbohydrate that would provide the
brain (i.e., central nervous system) with an adequate supply of glucose fuel
without the requirement for additional glucose production from ingested
protein or triacylglycerols. This amount of glucose should be sufficient to
supply the brain with fuel in the absence of a rise in circulating aceto-
acetate and β-hydroxybutyrate concentrations greater than that observed
in an individual after an overnight fast (see “Evidence Considered for
Estimating the Average Requirement for Carbohydrate”). This assumes
the consumption of an energy-sufficient diet containing an Acceptable
Macronutrient Distribution Range of carbohydrate intake (approximately
45 to 65 percent of energy) (see Chapter 11).

Brain glucose utilization based on O2 consumption is summarized in
Table 6-5. Only data determined by direct measurement of glucose arterio-
venous difference across the brain in association with determination of



286 DIETARY REFERENCE INTAKES

TABLE 6-5 Indirect Estimates of Glucose Utilization by
Measuring Brain Oxygen (O2) Consumption

O2 O2
Study Consumption Consumption

Reference Population (mL/100 g/min) (L/100 g/d)

Kennedy and 2 children, 6.2 8.93
Sokoloff, 1957 3 y 5.6 8.06

Kennedy and 5 children, 5.3 7.63
Sokoloff, 1957 4–7 y 4.3 6.19

4.4 6.34
5.7 8.21
4.4 6.34

Kennedy and 2 children, 5.7 8.21
Sokoloff, 1957 10 and 11 y 4.9 7.06

Kennedy and 12 adults 4.18 6.02
Sokoloff, 1957

a For males, based on Dekaban and Sadowsy (1978) and Dobbing and Sands (1973).
b O2 = 4.8 kcal/L = 1.2 g of glucose/L.

brain blood flow (Table 6-6) were considered for setting an EAR, although
both methods yielded similar results. Data on glucose consumption by the
brain for various age groups using information from Dobbing and Sands
(1973) and Dekaban and Sadowsky (1978) were also used, which corre-
lated weight of the brain with body weight. The average rate of brain
glucose utilization in the postabsorptive state of adults based on several
studies is approximately 33 µmol/100 g of brain/min (5.5 mg/100 g of
brain/min or 8.64 g/100 g of brain/d) (Table 6-6). Based on these data,
the brain’s requirement for carbohydrate is in the range of approximately
117 to 142 g/d (Gottstein and Held, 1979; Reinmuth et al., 1965;
Scheinberg and Stead, 1949; Sokoloff et al., 1977). Regardless of age and
the associated change in brain mass, the glucose utilization rate/100 g of
brain tissue remains rather constant, at least up to age 73 years (Reinmuth
et al., 1965). In 351 men (aged 21 to 39 years), the average brain weight at
autopsy was reported to be 1.45 kg, with a standard deviation of only
0.02 kg. In 201 women of the same age range, the average brain weight was
1.29 kg with a standard deviation of 0.03 kg. There was excellent correlation
between body weight and height and brain weight in adults of all ages.

The glucose produced from the obligatory turnover of protein plus
the glucose produced from glycerol is approximately 30 g/d (see “Evi-
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dence Considered for Estimating the Average Requirement for Carbo-
hydrate”). Therefore, the overall dietary carbohydrate requirement in the
presence of an energy-adequate diet would be approximately 87 (117 – 30)
to 112 (142 – 30) g/d. This amount of carbohydrate is similar to that
reported to be required for the prevention of ketosis (50 to 100 g) (Bell et
al., 1969; Calloway, 1971; Gamble, 1946; Sapir et al., 1972) and to that
reported to have a maximal protein sparing effect when glucose was
ingested daily (Gamble, 1946). The carbohydrate requirement is modestly
greater than the potential glucose that can be derived from an amount of
ingested protein required for nitrogen balance in people ingesting a
carbohydrate-free diet (Azar and Bloom, 1963).

This amount of carbohydrate will not provide sufficient fuel for those
cells that are dependent on anaerobic glycolysis for their energy supply
(e.g., red and white blood cells). For glycolyzing cells, approximately 36 g/d
are necessary (Cahill, 1970). Glycolyzing cells can obtain energy through
the functioning of the Cori cycle (i.e., lactate to glucose to lactate) and the
alanine-glucose cycle. That is, the cyclic interconversion of glucose with
lactate or alanine occurs without a net loss of carbon.

In the absence of carbohydrate in the diet, and in the absence of a rise
in ketoacids above the overnight fasting reference range, ingested protein

Estimated O2 Glucose
Brain Consumption Consumption
Weight (g)a (L/d) (g/d)b

1,200 107.1 129
1,200 96.8 116

1,260 96.2 115
1,260 78.0 94
1,300 82.4 99
1,300 109.2 131
1,300 84.3 101

1,360 111.6 134
1,360 96.0 115

1,450 84.3 101
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sufficient to provide the brain with glucose fuel is theoretically possible,
but is not likely to be acceptable. The amount of dietary protein required
approaches the theoretical maximal rate of gluconeogenesis from amino
acids in the liver (135 g of glucose/24 h) (Brosnan, 1999).

In summary, the EAR for total carbohydrate is set at 100 g/d. This
amount should be sufficient to fuel central nervous system cells without
having to rely on a partial replacement of glucose by ketoacids. Although the
latter are used by the brain in a concentration-dependent fashion (Sokoloff,
1973), their utilization only becomes quantitatively significant when the
supply of glucose is considerably reduced and their circulating concentra-
tion has increased several-fold over that present after an overnight fast.

TABLE 6-6 Direct Estimates of Glucose Utilization by
Measuring Brain Glucose Consumption

Glucose
Consumption Estimated

Glucose

Study (µmol/100 g Brain
Consumption

Reference Population of brain/min) Weight (g)a (mg/min) (g/d)

Settergren 12 infants, 27 400 19.4 28
et al., 1976 average

5 mo

Mehta et al., 10 infants, 66 1,000 118 170
1977 average

11 mo

Settergren 42 infants 25 400–1,450 18–65 26–94
et al., 1980 and

children,
3 wk–14 y

Scheinberg 18 adults, 34 1,450 88 127
and Stead, 18–36 y
1949

Reinmuth 13 adults, 38 1,450 99 142
et al., 1965 21–29 y

Sokoloff Adults 31 1,450 81 117
et al., 1977

Gottstein and 24 adults, 31 1,450 81 117
Held, 1979 21–43 y

a Based on Dekaban and Sadowsy (1978) and Dobbing and Sands (1973).
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Diets contain a combination of carbohydrate, fat, and protein, and
therefore available glucose is not limiting to the brain unless carbohydrate
energy intake is insufficient to meet the glucose needs of the brain. Never-
theless, it should be recognized that the brain can still receive enough
glucose from the metabolism of the glycerol component of fat and from
the gluconeogenic amino acids in protein when a very low carbohydrate
diet is consumed.

Aging. It is well known that the overall rate of energy metabolism
decreases with aging (Roberts, 2000a). Also, the total body glucose oxida-
tion rate is decreased, but only modestly. In adults 70 years of age or older,
the glucose oxidation rate was only about 10 percent less than in young
adults between 19 and 29 years of age (Robert et al., 1982).

The actual brain mass slowly decreases after age 45 to 55 years. In 76- to
80-year-old men, the average brain mass was 1.33 kg, and for women in the
same age range it was 1.19 kg (i.e., a loss of 8 to 9 percent of mass)
(Dekaban and Sadawosky, 1978). This decrease is similar to that reported
from autopsy data in Japan (mean 1,422 to 1,336 g) (Yamaura et al., 1980).
Whether glucose oxidation changes out of proportion to brain mass
remains a controversial issue (Gottstein and Held, 1979; Leenders et al.,
1990). In any case, the decrease in brain glucose oxidation rate is not
likely to be substantially less. Therefore, the EAR is the same for all adults.
There is no evidence to indicate that a certain amount of carbohydrate
should be provided as starch or sugars. However, most individuals do not
choose to eat a diet in which sugars exceed approximately 30 percent of
energy (Nuttall and Gannon, 1981).

Carbohydrate EAR and RDA Summary, Ages 19 Years and Older

EAR for Men
19–30 years 100 g/d of carbohydrate
31–50 years 100 g/d of carbohydrate
51–70 years 100 g/d of carbohydrate
> 70 years 100 g/d of carbohydrate

EAR for Women
19–30 years 100 g/d of carbohydrate
31–50 years 100 g/d of carbohydrate
51–70 years 100 g/d of carbohydrate
> 70 years 100 g/d of carbohydrate

The RDA for carbohydrate is set by using a CV of 15 percent based on the
variation in brain glucose utilization. The RDA is defined as equal to the
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EAR plus twice the CV to cover the needs of 97 to 98 percent of the
individuals in the group (therefore, for carbohydrate the RDA is 130 per-
cent of the EAR).

RDA for Men
19–30 years 130 g/d of carbohydrate
31–50 years 130 g/d of carbohydrate
51–70 years 130 g/d of carbohydrate
> 70 years 130 g/d of carbohydrate

RDA for Women
19–30 years 130 g/d of carbohydrate
31–50 years 130 g/d of carbohydrate
51–70 years 130 g/d of carbohydrate
> 70 years 130 g/d of carbohydrate

Pregnancy

Evidence Considered in Estimating the Average Requirement

Pregnancy results in an increased metabolic rate and thus an increased
fuel requirement. This increased fuel requirement is due to the establish-
ment of the placental–fetal unit and an increased energy supply for growth
and development of the fetus. It is also necessary for the maternal adapta-
tion to the pregnant state and for moving about the increased mass of the
pregnant woman. This increased need for metabolic fuel often includes
an increased maternal storage of fat early in pregnancy, as well as suffi-
cient energy to sustain the growth of the fetus during the last trimester of
pregnancy (Knopp et al., 1973).

In spite of the recognized need for increased energy-yielding substrates
imposed by pregnancy, the magnitude of need, as well as how much of the
increased requirement needs to be met from exogenous sources, remains
incompletely understood and is highly variable (Tables 5-23 through 5-27).
There is general agreement that the additional food energy requirement
is relatively small. Several doubly labeled water studies indicate a progres-
sive increase in total energy expenditure over the 36 weeks of pregnancy
(Forsum et al., 1992; Goldberg et al., 1993; Kopp-Hoolihan et al., 1999)
(Table 5-27). The mean difference in energy expenditure between week 0
and 36 in the studies was approximately 460 kcal/d and is proportional to
body weight.

The developing fetus utilizes glucose as an energy-yielding substrate.
However, there is some evidence that the fetus can utilize maternally pro-
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vided ketoacids. The fetus does not utilize significant amounts of free fatty
acids (Rudolf and Sherwin, 1983).

As part of the adaptation to pregnancy, there is a decrease in maternal
blood glucose concentration, a development of insulin resistance, and a
tendency to develop ketosis (Burt and Davidson, 1974; Cousins et al., 1980;
Phelps et al., 1981; Rudolf and Sherwin, 1983; Ryan et al., 1985).

A higher mean respiratory quotient for both the basal metabolic rate
and total 24-hour energy expenditure has also been reported in pregnant
women when compared to the postpartum period. This indicates an
increased utilization of glucose by the maternal–fetal unit. The increased
glucose utilization rate persists after fasting, indicating an increased
endogenous production rate as well (Assel et al., 1993; Kalhan et al., 1997)
(see Chapter 5). Thus, irrespective of whether there is an increase in total
energy expenditure, these data indicate an increase in glucose utilization.
Earlier, it was reported that the glucose turnover in the overnight fasted
state based on maternal weight gain remains unchanged from that in the
nonpregnant state (Cowett et al., 1983; Kalhan et al., 1979).

The fetus reportedly uses approximately 8 ml O2/kg/min or 56 kcal/
kg/d (Sparks et al., 1980). For a 3-kg term fetus, this is equivalent to
168 kcal/d. The transfer of glucose from the mother to the fetus has been
estimated to be 17 to 26 g/d in late gestation (Hay, 1994). If this is the
case, then glucose can only account for approximately 51 percent of the
total oxidizable substrate transferred to the fetus at this stage of gestation.

The mean newborn infant brain weight is reported to be approximately
380 g (Dekaban and Sadowsky, 1978). Assuming the glucose consumption
rate is the same for infants and adults (approximately 33 µmol/100 g of
brain/min or 8.64 g/100 g of brain/d) (see “Adults Ages 19 Years and
Older”), and that ketoacids do not supply a significant amount of oxidiz-
able substrate for the fetal brain in utero, the glucose requirement at the
end of pregnancy would be approximately 32.5 g/d. This is greater than
the total amount of glucose transferred daily from the mother to the fetus.

Data obtained in newborns indicate that glucose oxidation can only
account for approximately 70 percent of the brain’s estimated fuel require-
ment (Denne and Kalhan, 1986). Whether this is the case in the late-term
fetus is not known. However, the fetal brain can clearly utilize ketoacids
(Patel et al., 1975). In addition, an increase in circulating ketoacids is
common in pregnant women (Homko et al., 1999). Taken together, these
data suggest that ketoacids may be utilized by the fetal brain in utero. If
nonglucose sources (largely ketoacids) supply 30 percent of the fuel
requirement of the fetal brain, then the brain glucose utilization rate would
be 23 g/d (32.5 g × 0.70). This is essentially the same as the average
maternal–fetal glucose transfer rate (mean 22 g, range 17 to 26 g) (Hay,
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1994). These data also indicate that the fetal brain utilizes essentially all of
the glucose derived from the mother.

In order to assure provision of glucose to the fetal brain (approxi-
mately 33 g/d) as a fuel in the absence of utilization of a lipid-derived fuel,
as well as to supply the glucose fuel requirement for the mother’s brain
independent of utilization of ketoacids (or other substrates), the EAR for
metabolically available dietary carbohydrate is the EAR for nonpregnant
women (100 g/d) plus the additional amount required during the last
trimester of pregnancy (35 g/d), or 135 g/d. There is no evidence to
indicate that a certain portion of the carbohydrate must be consumed as
starch or sugars.

EAR and RDA Summary, Pregnancy

EAR for Pregnancy
14–18 years 135 g/d of carbohydrate
19–30 years 135 g/d of carbohydrate
31–50 years 135 g/d of carbohydrate

The RDA for carbohydrate is set by using a CV of 15 percent based on the
variation in brain glucose utilization. The RDA is defined as equal to the EAR
plus twice the CV to cover the needs of 97 to 98 percent of the individuals
in the group (therefore, for carbohydrate the RDA is 130 percent of the
EAR). The calculated values for the RDAs have been rounded.

RDA for Pregnancy
14–18 years 175 g/d of carbohydrate
19–30 years 175 g/d of carbohydrate
31–50 years 175 g/d of carbohydrate

Lactation

Evidence Considered in Estimating the Average Requirement

The requirement for carbohydrate is increased during lactation. The
lactose content of human milk is approximately 74 g/L; this concentration
changes very little during the nursing period. Therefore, the amount of
precursors necessary for lactose synthesis must increase. Lactose is synthe-
sized from glucose and as a consequence, an increased supply of glucose
must be obtained from ingested carbohydrate or from an increased supply
of amino acids in order to prevent utilization of the lactating woman’s
endogenous proteins. Glycerol derived from endogenous or exogenous
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fat may contribute to the increased production of glucose through gluco-
neogenesis. However, the amount of fat that can be oxidized daily greatly
limits the contribution of glycerol to glucose production and thus lactose
formation.

The EAR during lactation is the sum of the carbohydrate intake neces-
sary to replace the carbohydrate secreted in human milk (60 g/d) and the
EAR for adolescent girls and women (100 g/d). The EAR for carbohydrate
during lactation is set at 160 g/d.

EAR and RDA Summary, Lactation

EAR for Lactation
14–18 years 160 g/d of carbohydrate
19–30 years 160 g/d of carbohydrate
31–50 years 160 g/d of carbohydrate

The RDA for carbohydrate is set by using a CV of 15 percent based on the
variation in brain glucose utilization. The RDA is defined as equal to the
EAR plus twice the CV to cover the needs of 97 to 98 percent of the
individuals in the group (therefore, for carbohydrate the RDA is 130 per-
cent of the EAR). The calculated values for the RDAs have been rounded.

RDA for Lactation
14–18 years 210 g/d of carbohydrate
19–30 years 210 g/d of carbohydrate
31–50 years 210 g/d of carbohydrate

Special Considerations

Individuals adapted to a very low carbohydrate diet can perform ade-
quately for extended periods of time at power outputs represented by
exercise at less than 65 percent O2 max (Miller and Wolfe, 1999). For
extended periods of power output exceeding this level, the dependence on
carbohydrate as a fuel increases rapidly to near total dependence (Miller
and Wolfe, 1999). Therefore, for such individuals there must be a corre-
sponding increase in carbohydrate derived directly from carbohydrate-
containing foods. Additional consumption of dietary protein may assist in
meeting the need through gluconeogenesis, but it is unlikely to be con-
sumed in amounts necessary to meet the individual’s need. A requirement
for such individuals cannot be determined since the requirement for
carbohydrate will depend on the particular energy expenditure for some
defined period of time (Brooks and Mercier, 1994).
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INTAKE OF CARBOHYDRATES

Food Sources

White, brown, and raw sugars represent different forms and purifica-
tion of sucrose. Corn syrups are the hydrolytic products of starch digestion.
They are composed of various proportions of glucose (dextrose), maltose,
trisaccharides, and higher molecular-weight products including some starch
itself. Another source of carbohydrate, high fructose corn syrup, is often
misunderstood. These syrups are also derived from cornstarch through
the conversion of a portion of the glucose present in starch into fructose.
The fructose content present in corn syrup is 42, 55, or 90 percent. The
great majority of the remaining content is glucose. Other sources of sugars
include malt syrup, comprised largely of sucrose; honey, which resembles
sucrose in its composition but is composed of individual glucose and fruc-
tose molecules; and molasses, a by-product of table sugar production.

With the introduction of high fructose corn sweeteners in 1967, the
amount of “free” fructose in the diet of Americans has increased consider-
ably (Hallfrisch, 1990). Nonalcoholic beverages (e.g., soft drinks and fruit-
flavored drinks) are the major dietary sources of added fructose; fruits and
fruit products are the major dietary sources of naturally occurring fructose
(Park and Yetley, 1993).

Using 1994–1996 U.S. Department of Agriculture food consumption
survey data, nondiet soft drinks were the leading source of added sugars in
Americans’ diets, accounting for one-third of added sugars intake (Guthrie
and Morton, 2000). This was followed by sugars and sweets (16 percent),
sweetened grains (13 percent), fruit ades/drinks (10 percent), sweetened
dairy (9 percent), and breakfast cereals and other grains (10 percent).
Together, these foods and beverages accounted for 90 percent of Ameri-
cans’ added sugars intake. Gibney and colleagues (1995) reported that
dairy foods contributed 31 percent of the total sugar intakes in children,
and fruits contributed 17 percent of the sugars for all ages.

Grains and certain vegetables are the major contributors of starch.
The majority of carbohydrate occurs as starch in corn, tapioca, flour,
cereals, popcorn, pasta, rice, potatoes, and crackers. Fruits and darkly
colored vegetables contain little or no starch.

Dietary Intake

Data from the 1994–1996, 1998 Continuing Food Survey of Intakes by
Individuals (CSFII) indicates that the median intake of carbohydrate was
approximately 220 to 330 g/d for men and 180 to 230 g/d for women in
the United States (Appendix Table E-2). This represents 49 to 50 percent
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of energy intake (Appendix Table E-3). Between 10 and 25 percent of
adults consumed less than 45 percent of energy from carbohydrate. Less
than 5 percent of adults consumed more than 65 percent of energy from
carbohydrate (Appendix Table E-3).

Median carbohydrate intakes of Canadian men and women during
1990 to 1997 ranged from approximately 47 to 50 percent of energy intake
(Appendix Table F-2). More than 25 percent of men consumed less than
45 percent of energy from carbohydrate, whereas between 10 and 25 per-
cent of women consumed below this level. Less than 5 percent of Canadian
men and women consumed more than 65 percent of energy from carbo-
hydrate.

Data from the Third National Health and Nutrition Examination
Survey shows that the median intake of added sugars widely ranged from
10 to 30 tsp/d for adults, which is equivalent to 40 to 120 g/d of sugars
(1 tsp = 4 g of sugar) (Appendix Table D-1). Based on data from CFSII,
the mean intake of added sugars in the U.S. population aged 2 and older
was 82 g, accounting for 15.8 percent of the total energy intake (Guthrie
and Morton, 2000).

ADVERSE EFFECTS OF OVERCONSUMPTION

Hazard Identification

Sugars such as sucrose (e.g., white sugar), fructose (e.g., high-fructose
corn syrup), and dextrose that are present in foods have been associated
with various adverse effects. These sugars may be either naturally occur-
ring or added to foods. Potential adverse effects from consuming a high
carbohydrate diet, including sugars and starches, are discussed in detail in
Chapter 11.

Behavior

The concept that sugars might adversely affect behavior was first
reported by Shannon (1922). The notion that intake of sugars is related to
hyperactivity, especially in children, is based on two physiological theories:
(1) an allergic reaction to refined sugars (Egger et al., 1985; Speer, 1954)
and (2) a hypoglycemic response (Cott, 1977). A number of studies have
been conducted to find a correlation between intake of sugars and adverse
behavior; some have been reviewed by White and Wolraich (1995). Most
of the intervention studies looked at the behavior effects of sugars within a
few hours after ingestion, and therefore the long-term effects are unclear.
The cross-sectional studies are not capable of determining if the sugars
caused adverse behavior or adverse behavior resulted in increased sugar
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FIGURE 6-2 Weighted mean effect sizes and 95 percent confidence intervals (CI)
by measurement construct following meta-analysis of 23 studies on the effect
of sugar intake on behavior and cognition. Reprinted, with permission, from
Wolraich et al. (1995). Copyright 1995 by the American Medical Association.

consumption. A meta-analysis of 23 studies conducted over a 12-year period
concluded that sugar intake does not affect either behavior or cognitive
performance in children (Wolraich et al., 1995) (Figure 6-2). Therefore,
altered behavior cannot be used as an adverse effect for setting a Tolerable
Upper Intake Level (UL) for sugars.

Dental Caries

Sugars play a significant role in the development of dental caries
(Walker and Cleaton-Jones, 1992), but much less information is known
about the role of starch in the development of dental caries (Lingstrom et
al., 2000). Early childhood dental caries, also known as baby-bottle tooth
decay or nursing caries, affects about 3 to 6 percent of children (Fitzsimons
et al., 1998). This is associated with frequent, prolonged use of baby bottles
containing fermentable sugars (e.g., cow’s milk, infant formula, fruit juice,
soft drinks, and other sweetened drinks), at-will breast-feeding, and con-
tinual use of a sweetened pacifier (Fitzsimons et al., 1998). Increased
consumption of sugar-containing foods has been associated with a deterio-
ration of dental health in 5-year-old children (Holbrook et al., 1995). Chil-
dren 5 or 8 years of age who consumed sweet snacks between meals more
than five times a day had significantly higher mean decayed and missing
teeth and filled scores than children with a lower consumption (Kalsbeek
and Verrips, 1994). Root caries in middle-aged and elderly adults was sig-
nificantly associated with sucrose consumption (Papas et al., 1995).
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Dental caries is a disorder of multifactorial causation. Hence, it is diffi-
cult to rationalize the relationship of sugars and dental caries as simply
“cause-and-effect” (Walker and Cleaton-Jones, 1992). Caries occurrence is
influenced by frequency of meals and snacks, oral hygiene (tooth-brushing
frequency), water fluoridation, fluoride supplementation, and fluoride
toothpaste (Holbrook et al., 1995; Mascarenhas, 1998; McDonagh et al.,
2000; Shaw, 1987). Fluoride alters the sugars–caries dose–response curve.
Caries has declined in many industrialized countries and in areas with
water fluoridation (McDonagh et al., 2000). Because of the various factors
that can contribute to dental caries, it is not possible to determine an
intake level of sugars at which increased risk of dental caries can occur.

Triacylglycerol, LDL, and HDL Cholesterol Concentration

Sugars. Fructose is more lipogenic than glucose or starches (Cohen
and Schall, 1988; Reiser and Hallfrisch, 1987); however, the precise bio-
chemical basis for this mechanism has not been elucidated (Roche, 1999).
There is some evidence that increased intake of sugars is positively associated
with plasma triacylglycerol and low density lipoprotein (LDL) cholesterol
concentrations (Table 6-7). The data on triacylglycerol concentration is
mixed with a number of studies showing an increase in concentration with
increased sucrose, glucose, or fructose concentration (Albrink and Ullrich,
1986; Hayford et al., 1979; Kaufmann et al., 1966; Mann et al., 1973, Rath
et al., 1974; Reiser et al., 1979a, 1989; Yudkin et al., 1986), whereas other
studies have shown no effect (Bossetti et al., 1984; Crapo and Kolterman,
1984; Dunnigan et al., 1970; Hallfrisch et al., 1983; Mann and Truswell,
1972; Surwit et al., 1997; Swanson et al., 1992).

Smith and colleagues (1996) demonstrated that hypertriacylglycerolemia
could be reduced in some people with the reduction (73 percent) of
extrinsic sucrose in the diet. The investigators reported reduced plasma
triacylglycerol concentrations in 32 hypertriacylglycerolemic individuals by
greater than 20 percent, and the reduction remained significant with the
control of weight loss. Parks and Hellerstein (2000) published an exhaus-
tive review of carbohydrate-induced hypertriacylglycerolemia and concluded
that it is more extreme if the carbohydrate content of a high carbohydrate
diet consists primarily of monosaccharides, particularly fructose, rather
than oligo- and polysaccharides. Purified diets, whether based on starch or
monosaccharides, induce hypertriacylglycerolemia more readily than diets
higher in fiber in which most of the carbohydrate is derived from
unprocessed whole foods, and possibly result in a lower glycemic index
and reduced postprandial insulin response (Jenkins et al., 1987b).



298 DIETARY REFERENCE INTAKES

TABLE 6-7 Dietary Sugars and Blood Lipid Concentrations in
Healthy Subjects

Study Population/
Reference Dietary Intervention Triacylglycerol Concentration (mmol/L)

Kaufmann 3 men and 1 woman, 2 males: no difference between diets
et al.,  1966 10–35 d/diet 1 male (ad lib to sucrose to fructose):

30% starch 0.98–1.98 to 2.76 to 4.50
30% sucrose 1 female (starch to fructose):
30% fructose 1.32–1.78 to 2.30–2.58

Dunnigan et al., 9 men and women,  4-wk
1970 crossover

31% sucrose 1.05a

sucrose-free 1.04a

Mann and 9 men, 2-wk
Truswell, crossover
1972 23% sucrose 1.10a

23% starch 1.11a

Mann et al., 9 men, 2-wk
1973 crossover

17% sucrose 1.66a

34% sucrose 1.84b

34% sucrose + 1.50a

polyunsaturated
fatty acids

Rath et al., 6 men, 2- to 5-wk Significant increase with
1974 crossover 52% sucrose

17% sucrose
52% sucrose

Hayford et al., 8 men, 10-d
1979 crossover

45% sucrose 0.87a

65% sucrose 1.31b

45% glucose 0.80a

65% glucose 1.33b

Reiser et al., 19 men and women, Men Women
1979a 6-wk crossover Baseline 6 wk Baseline 6 wk

30% starch 1.28a 1.42a 1.06a 0.98a

30% sucrose 1.54a 1.86b 1.06a 1.23b

Hallfrisch 12 men, 5-wk crossover
et al., 1983 0% fructose, 15% starch 0.97a

7.5% fructose, 7.5% starch 1.07a

15% fructose, 0% starch 1.04a

Bossetti et al., 8 men and women, 140-d
1984 crossover Baseline 14 d

11–16% sucrose 0.60a 0.63a

11–16% fructose 0.80a 0.56a
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continued

Low Density Lipoprotein High Density Lipoprotein
Cholesterol Concentration Cholesterol Concentration
(mmol/L) (mmol/L)

3.52a 1.01a

3.76b 1.05a

3.70b 1.07a

Baseline 14 d Baseline 14 d
2.38a 2.35a 1.42a 1.37a

2.59a 2.48a 1.42a 1.40a
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TABLE 6-7 Continued

Study Population/
Reference Dietary Intervention Triacylglycerol Concentration (mmol/L)

Crapo and 11 men and women, 14-d No significant difference
Kolterman, crossover
1984 24% sucrose

24% fructose

Albrink and 6 men per group, 11 d Significant increase when fed 36% or
Ullrich, 1986 0% sucrose 52% sucrose and a diet containing

18% sucrose less than 14 g of fiber
36% sucrose
52% sucrose

Yudkin et al., 14 men, 14-d crossover
1986 18% sucrose 1.02a

37% sucrose 1.11a

19% sucrose 1.09a

26 men, 14-d crossover
23% sucrose 1.33a

9% sucrose 1.05b

24% sucrose 1.23a

Reiser et al., 11 men, 5-wk crossover
1989 20% fructose 0.84a

20% starch 0.70b

Swanson et al., 14 men and women, 4-wk
1992 crossover Baseline 4 wk

19% fructose, 25% starch 1.16a 0.96a

< 3% fructose, 39% starch 1.02a 0.94a

Surwit et al., 42 women, 6-wk
1997 intervention

4% sucrose 1.05a

43% sucrose 1.08a

Marckmann 20 women, 2-wk crossover
et al.,  2000 2.5% sucrose, 59% 0.81a

carbohydrate
23.2% sucrose, 59% 0.96b

carbohydrate

Saris et al., 390 adults, 6-mo parallel
2000 18.8% sugar, 52% 1.29a

carbohydrate
29.5% sugar, 56% 1.46a

carbohydrate

a,b Different lettered superscripts within each study indicate that values were signifi-
cantly different.
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Low Density Lipoprotein High Density Lipoprotein
Cholesterol Concentration Cholesterol Concentration
(mmol/L) (mmol/L)

Significant reduction in high
density lipoprotein
concentration with fructose

Significant decline observed for Significantly lower for 18%,
0% and 18% sucrose diets 36%, and 52% sucrose diets

1.27a

1.07b

1.42a

1.30a

1.27a

1.26a

3.06a 1.16a

2.73b 1.11a

Baseline 4 wk Baseline 4 wk
2.62a 2.73a 1.28a 1.30a

2.65a 2.46b 1.32a 1.22a

2.38a 1.03a

2.60b 1.06a

2.43a 1.34a

2.72b 1.38a

3.68a 1.20a

3.61a 1.15a



302 DIETARY REFERENCE INTAKES

Increases in LDL cholesterol concentration have been observed more
consistently with increases in sugar intake (Table 6-7). Increases in LDL
cholesterol concentration were reported when 7.5 and 15 percent fructose
replaced an equal amount of starch (Hallfrisch et al., 1983), 36 and 52 per-
cent sucrose were fed compared with 0 and 18 percent sucrose (Albrink
and Ullrich, 1986), 20 percent fructose replaced an equal amount of starch
(Reiser et al., 1989), and 19 percent fructose was fed compared with less
than 3 percent fructose (Swanson et al., 1992).

In general, most epidemiological studies have shown an inverse relation-
ship between sugar intake and high density lipoprotein (HDL) cholesterol
concentration (Archer et al., 1998; Bolton-Smith et al., 1991; Ernst et al.,
1980; Tillotson et al., 1997). Of the nine intervention studies reviewed, five
showed no difference in HDL cholesterol concentration with varying intakes
of sugars (Bossetti et al., 1984; Hallfrisch et al., 1983; Reiser et al., 1989;
Swanson et al., 1992; Surwit et al., 1997). A significant decrease in HDL
cholesterol concentration was observed when 24 percent fructose replaced
the same amount of sucrose (Crapo and Kolterman, 1984); 37 percent
sucrose was fed compared with 18 or 19 percent sucrose (Yudkin et al.,
1986); and 18, 36, and 52 percent sucrose was fed compared with 0 per-
cent sucrose (Albrink and Ullrich, 1986).

Kant (2000) used the Third National Health and Nutrition Examina-
tion Survey (NHANES III) survey to examine the association between the
consumption of energy-dense, nutrient-poor (EDNP) foods on lipid pro-
files. EDNP foods such as visible fats, nutritive sweeteners and sweetened
beverages, desserts, and snacks have high fat and/or high carbohydrate
and poor micronutrient content. HDL cholesterol concentration was
inversely related and serum homocysteine concentration was positively
related to EDNP food intake. Both serum homocysteine and HDL cholesterol
concentrations are independent risk factors for cardiovascular disease
(Aronow and Ahn, 1998; Boushey et al., 1995).

GI. In controlled studies, the consumption of high glycemic index
(GI) diets has generally resulted in modest increases in circulating con-
centrations of hemoglobin A1c, total serum cholesterol, and triacylglycerols,
as well as decreased circulating HDL cholesterol and urinary C-peptide
concentrations in diabetic and hyperlipidemic individuals (Table 6-8).
Furthermore, studies on dyslipidemic individuals show that a low GI diet
can reduce cholesterol and triacylglycerol concentrations (Jenkins et al.,
1985, 1987b). Data are limited for healthy individuals as only one study
has measured the effect of predicted GI on blood lipid concentrations
(Jenkins et al., 1987a). This study showed a 15 and 13 percent reduction in
total cholesterol and LDL cholesterol concentration, respectively, when
the GI was reduced by 41 (Jenkins et al., 1987a).
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A significant negative relationship between GI and HDL cholesterol
concentration was reported in two epidemiological studies (Ford and Liu,
2001; Frost et al., 1999) (Table 6-9 and Figure 6-3). Only the negative
relationship to glycemic load was significant for postmenopausal women
(Liu et al., 2001). HDL cholesterol concentrations were more responsive
to changes in GI in women than in men (Figure 6-3). In contrast, Ford
and Liu (2001) reported a more pronounced response in men than in
women. Thus, although there is evidence for an association between high
GI and risk factors for cardiovascular disease (Haffner et al., 1988a; Morris
and Zemel, 1999), further controlled studies are needed.

CHD. Four epidemiological studies have shown no risk of coronary
heart disease (CHD) from consuming naturally occurring or added sugars
(Bolton-Smith and Woodward, 1994a; Kushi et al., 1985; Liu et al., 1982,
2000; McGee et al., 1984) (see Table 11-7). Two epidemiological studies
have been conducted to relate the risk of CHD with GI (Liu et al., 2000;
van Dam et al., 2000) (Table 6-9). One study showed increased risk of
CHD with increasing GI, but for only those with a body mass index greater
than 23 (Liu et al., 2000). van Dam and coworkers (2000) observed no
association between GI and risk of CHD in elderly men. Thus, there are
insufficient data for setting a UL based on increased risk for CHD.

Insulin Sensitivity and Type 2 Diabetes

Sugars. Insulin has three major effects on glucose metabolism: it
decreases hepatic glucose output, it increases glucose utilization in muscle
and adipose tissue, and it enhances glycogen production in the liver and
muscle. Insulin sensitivity measures the ability to do these effectively. Indi-
viduals vary genetically in their insulin sensitivity, some being much more
efficient than others (Reaven, 1999). Obesity is related to decreased insulin
sensitivity (Kahn et al., 2001), which can also be influenced by fat intake
(see Chapter 11) and exercise.

Two prospective cohort studies showed no risk of diabetes from con-
suming increased amounts of sugars (Colditz et al., 1992; Meyer et al.,
2000). Furthermore, a negative association was observed between increased
sucrose intake and risk of diabetes (Meyer et al., 2000). Intervention studies
that have evaluated the effect of sugar intakes on insulin concentration
and insulin resistance portray mixed results. Dunnigan and coworkers
(1970) reported no difference in glucose tolerance and plasma insulin
concentration after 0 or 31 percent sucrose was consumed for 4 weeks.
Reiser and colleagues (1979b) reported that when 30 percent starch was
replaced with 30 percent sucrose, insulin concentration was significantly
elevated; however, serum glucose concentration did not differ.
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TABLE 6-8 Controlled Studies of Low Glycemic Index (GI)
Diets on Carbohydrate and Lipid Metabolism in Healthy,
Diabetic, and Hyperlipidemic Subjects

Type of
Change in Glycated

Reference Study Design Diet GI Proteins

Healthy subjects
Jenkins et al., 6 men, 2 wk –41 Fructosamine

1987a

Kiens and Richter, 7 young men, 30 d –24 Not reported
1996

Frost et al., 25 women, 3 wk –18 Not reported
1998

Diabetic subjects
Collier et al., 7 type I children, –12 Albumin

1988 6 wk

Fontvieille et al., 8 type I men –14 Fructosamine
1988 and women, 3 wk

Jenkins et al., 8 type II men –23 HbA1c
1988a and women, 2 wk Fructosamine

Brand et al., 16 type II men –14 HbA1c
1991 and women, 12 wk

Fontvieille et al., 18 type I and II –26 Fructosamine
1992 men and women,

5 wk

Wolever et al., 15 type II men –27 Fructosamine
1992a and women, 2 wk

Wolever et al., 6 type II over- –28 Fructosamine
1992b weight men and

women, 6 wk
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Change in
Glycated Change in Blood
Proteins (%) Lipidsa (%) Commentsb

–7c,d –15c,d TC –32%c,e urinary C-peptide excretion
–13c,d LDL-C –10%c,e creatinine clearance during the day

Not reported Not reported Euglycemic hyperinsulinemic clamp
showed no difference in glucose uptake
between high and low GI diets at low
plasma insulin, but glucose uptake was
reduced at high plasma insulin with low
GI diet

Not reported Not reported Using short insulin tolerance test, in vivo
insulin sensitivity improved after low
GI diet

–19c,d –14c,d TC Reduced postprandial glucose response to
standard test meal with low GI diet

–18.1c,d –5.8c,d TAG –8.9%c,d plasma phospholipids
–6.1%c,d daily insulin needs

–6.6c,d –5.8c,d TC –30%c,d fasting blood glucose
–6.6c,d

–11c,e Not significant –11%c,e plasma glucose response to
standard meal

–12.1c,e –21.1c,e TAG –11%c,e fasting blood glucose
–13.3%c,e mean daily blood glucose

–3.4c,e –7c,e TC –30%c,e urinary C-peptide excretion
–29%c,e postbreakfast blood glucose
TAG rose on high GI diet (p = 0.027) and

fell on low GI diet, but the difference
between the two diets was not significant

–8c,e –6.8c,e TC –22.4%c,e TAG for the 5 subjects with TAG
> 2.2 mmol/L

continued
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GI. There are well-recognized, short-term effects of high versus low GI
carbohydrates on several key hormones and metabolites. In particular,
compared to regular consumption of low GI carbohydrates, regular con-
sumption of high GI carbohydrates results in high concentrations of circu-
lating glucose and insulin (Table 6-8). In healthy individuals, there also
appears to be an amplification of glucose and insulin responses to con-
sumption of high GI foods with repeated consumption (Liljeberg et al.,
1999). Based on associations between these metabolic parameters and risk
of disease (DeFronzo et al., 1992; Groop and Eriksson, 1992; Haffner et
al., 1988b, 1990; Martin et al., 1992; Rossetti et al., 1990; Warram et al.,
1990), further controlled studies on GI and risk factors for diabetes are
needed. Furthermore, studies are needed on the extent to which con-
sumption of high GI diets might influence the development of diabetes
compared to other putative dietary variables that also influence insulin
secretion (e.g., dietary fiber).

In prospective epidemiological studies, three of the four published
studies support an association between GI and the development of type 2
diabetes (Table 6-9). Data from the Nurses’ Health Study illustrated a
significant association between the dietary glycemic index and risk of type
2 diabetes that was significant both with and without an adjustment for

TABLE 6-8 Continued

Type of
Change in Glycated

Reference  Study Design Diet GI Proteins

Frost et al., 25 type II men –5 Fructosamine
1994 and women, 12 wk

Järvi et al., 20 type II men –26 HbA1c
1999 and women, 2 d Fructosamine

Luscombe et al., 21 type II men –20 Fructosamine
1999 and women, 4 wk

Hyperlipidemic subjects
Jenkins et al., 30 men and –17 Fructosamine

1987b women, 4 wk

a TC = total cholesterol, LDL-C = low density lipoprotein cholesterol, TAG = triacylglycerols,
HDL-C = high density lipoprotein cholesterol.
b PAI-1 = plasminogen activator inhibitor-1.
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cereal fiber intake (Salmerón et al., 1997b). In contrast, the Iowa Women’s
Health Study showed no significant relationship between GI and the devel-
opment of type 2 diabetes after adjusting for total dietary fiber, although
the association was positive in the GI range of 59 to 71 and then declined
with GI values greater than 71 (Meyer et al., 2000). The reasons for the
discrepancy between studies are not known, but may be related to the
accuracy of dietary intake records, the imprecision in calculating GI from
reported diets, and the age of individuals entering the investigations. There
are currently no intervention trials in which dietary GI is manipulated and
development of chronic diseases monitored; such studies are needed.

Obesity

Sugars. Several studies have been conducted to determine the rela-
tionship between total (intrinsic plus added) and added sugars intake and
energy intake (Table 6-10). The Department of Health Survey of British
School Children showed that as total sugar intake increased from less than
20.7 percent of energy to up to 25.2 percent of energy, intake increased by
approximately 100 kcal/d (Gibson, 1993). In contrast, the Bogalusa Heart

Change in
Glycated Change in Blood
Proteins (%) Lipidsa (%) Commentsb

–15.8c,d –11.3c,d TC –21.3%c,d fasting blood glucose
–26.3c,d TAG

–5.9c,d –5.2c,e TC –31%c,e 9-h blood glucose profile
–2.5c,e –8.3c,e LDL-C –53%c,d PAI-1 activity

Not significant +5.7c,e HDL-C Fasting plasma glucose did not significantly
differ between the diets

Not significant When TAG > 2 24-h urinary C-peptide was not significantly
mmol/L different

–8.8c,e TC Changes in weight loss and fat intake did
–9.1c,e LDL-C not explain the lipid effects

–19.3c,e TAG

c Significant effect (p < 0.05).
d Treatment difference (across treatment).
e Endpoint difference (between treatment).
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TABLE 6-9 Cross-Sectional and Cohort Studies on the Relation
of Glycemic Index (GI) to the Risk of Diabetes, Coronary
Heart Disease (CHD), and Cancer and Its Association with
High Density Lipoprotein Cholesterol (HDL-C) Concentration
and Glucated Hemoglobin (HbAlc) in Diabetes

References Study Design GI

Diabetes
Salmerón et al., 42,759 healthy, male Quintile mean

1997a health professionals 65
Cohort, 6-y follow-up 70

73
75
79

Salmerón et al., 65,173 healthy, female Quintile mean
1997b nurses 64

Cohort, 6-y follow-up 68
71
73
77

Meyer et al., 35,988 postmenopausal
2000 women < 58

Cohort, 6-y follow-up 59–65
66–71
72–80
> 80

Buyken et al., 2,810 type I diabetic
2001 men and women 58.2–77.7

Cross-sectional study 79.8–81.5
81.5–85.5
85.5–111.5

Hu et al., 84,941 healthy, female
2001 nurses

Cohort, 16-y follow-up

CHD and related parameters
Frost et al., 1,420 British adults Mean: 86

1999 Cross-sectional study
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continued

Main Effecta Commentsb

RR of diabetes p for trend = 0.03 after adjustment for
1.00 cereal fiber intake
1.16 For high GL plus low cereal fiber intake, the
1.19 RR of diabetes was 2.17 (1.04–4.54)
1.20
1.37

RR of diabetes p for trend = 0.005 after adjustment for
1.00 cereal fiber intake
1.21 Significant association between glycemic
1.37 load and risk of diabetes (RR = 1.47
1.37 for 5th quintile)
1.37

RR of diabetes GI and GL were not associated with risk
1.00  of diabetes
1.19
1.26
0.96
0.89

HbA1c (%) Using bivariate model, serum HDL-C
6.05 was inversely associated with GI
6.27 (p for trend = 0.0001), and TAG
6.59 was positively associated with GI
6.55 (p for trend = 0.01)

Significant association between GL and
risk of diabetes (p trend < 0.001); this
is an updated analysis from Salmerón et al.
(1997b) that includes 3,300 new cases of
type 2 diabetes

Negative
relationship
between GI
and HDL-C
(p < 0.0001)
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Study reported a significant decrease in energy intake with increased total
sugar intake (Nicklas et al., 1996). A negative correlation between total
sugar intake and body mass index (BMI) has been consistently reported
for children and adults (Bolton-Smith and Woodward, 1994b; Dreon et al.,
1988; Dunnigan et al., 1970; Fehily et al., 1984; Gibson, 1993, 1996b; Miller

TABLE 6-9 Continued

References Study Design GI

Liu et al., 75,521 female nurses GI quintile mean
2000 Cohort, 10-y follow-up by GL score

72
75
77
78
80

van Dam et al., 646 elderly Dutch men Tertile median
2000 Prospective analysis 77

82
85

Ford and Liu, 13,907 men and women
2001 Cross-sectional study

< 76
76–79
80–83
84–87
> 87

Liu et al., 280 postmenopausal
2001 women Quintile mean

Prospective analysis 68
73
75
77
81

Cancer
Franceschi Italian men and women

et al., 2001 with colon cancer
1,953 cases < 70.8
4,154 controls 70.8–73.8

73.9–76.5
76.6–79.6
> 79.6

a RR = relative risk, OR = odds ratio.
b GL = glycemic load, TAG = triacylglycerol, BMI = body mass index.
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et al., 1990) (Table 6-11). A study of 42 women compared the effects of a
high sucrose (43 percent of total energy) and low sucrose (4 percent of
total energy), low fat (11 percent total energy) hypoenergetic diet (Surwit
et al., 1997). There were no significant differences between groups in total
body weight lost during the intervention. On the other hand, a study using

Main Effecta Commentsb

RR of CHD associated with high glycemic
RR of CHD load only for those with BMI > 23
1.00
1.01
1.25
1.51
1.98

RR of CHD No association between GI and risk of CHD
1.00 (p for trend = 0.7)
1.12
1.11

Serum HDL-C
(mmol/L) p for trend < 0.001
1.36 The decrease in HDL-C was similar for subjects
1.31 with BMI < 25 and those with BMI ≥ 25
1.30
1.27
1.28

Plasma HDL-C Plasma TAG Nonsignificant negative association
(mmol/L) (mmol/L) between GI and HDL-C concentration
1.45 1.16 (p for trend = 0.1)
1.42 1.20 Nonsignificant positive association between
1.42 1.14 GI and TAG concentration
1.40 1.27 (p for trend = 0.03)
1.29 1.37

OR of colon and p for trend < 0.001
rectum cancer Similar findings for glycemic load
1.0
1.3
1.6
1.5
1.7
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23 lean men, 23 obese men, 17 lean women, and 15 obese women found
that lean and obese individuals of the same gender had similar total sugar
intake (Miller et al., 1994). However, the obese individuals derived a
greater percentage (38.0 to 47.9 percent) of their sugar intake from added
sugars compared with lean individuals (25.2 to 31.4 percent).

Increased added sugars intakes have been shown to result in increased
energy intakes for children and adults (Bowman, 1999; Gibson 1996a,
1997; Lewis et al., 1992). Despite these observations, a negative correlation
between added sugars intake and BMI has been observed (Bolton-Smith
and Woodward, 1994b; Gibson, 1996a; Lewis et al., 1992). For adolescents,
nonconsumers of soft drinks consumed 1,984 kcal/d in contrast to 2,604
kcal/d for those teens who consumed 26 or more oz of soft drinks per day
(Harnack et al., 1999). Using NHANES III data, Troiano and colleagues
(2000) found that soft drinks contributed a higher proportion of daily
energy intake for overweight than for nonoverweight children and adoles-
cents. Kant (2000) demonstrated a positive association between energy-
dense, micronutrient-poor food and beverage consumption (visible fats,
nutritive sweeteners, sweetened beverages, desserts, and snacks) and
energy intake.

Ludwig and colleagues (2001) examined the relationship between con-
sumption of drinks sweetened with sugars and childhood obesity. They
concluded that for each additional serving of the drinks consumed, the
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FIGURE 6-3 Relation between high density lipoprotein (HDL) cholesterol con-
centration and five quintiles of glycemic index in men and women. Reprinted,
with permission, from Frost et al. (1999). Copyright 1999 by Elsevier Science (The
Lancet).
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odds of becoming obese increased by 60 percent. Drinks sweetened with
sugars, such as soft drinks, have been suggested to promote obesity because
compensation at subsequent meals for energy consumed in the form of a
liquid could be less complete than for energy consumed as solid food
(Mattes, 1996).

Published reports disagree about whether a direct link exists between
the trend toward increased intakes of sugars and increased rates of obesity.
The lack of association in some studies may be partially due to the perva-
sive problem of underreporting food intake, which is known to occur with
dietary surveys (Johnson, 2000). Underreporting is more prevalent and
severe by obese adolescents and adults than by their lean counterparts
(Johnson, 2000). In addition, foods high in added sugars are selectively
underreported (Krebs-Smith et al., 2000). Thus, it can be difficult to make
conclusions about associations between sugars intake and BMI by using
self-reported data.

Based on the above data, it appears that the effects of increased intakes
of total sugars on energy intake are mixed, and the increased intake of
added sugars are most often associated with increased energy intake. There
is no clear and consistent association between increased intake of added
sugars and BMI. Therefore, the above data cannot be used to set a UL for
either added or total sugars.

GI. Although there have been several short-term studies on the rela-
tionship between dietary GI and hunger, satiety, and energy intake at single
meals, many of the studies are confounded by differences between test
diets in variables other than GI (Roberts, 2000b). Among relatively con-
trolled studies (Guss et al., 1994; Holt and Brand Miller, 1995; Ludwig et
al., 1999; Rodin, 1991; Spitzer and Rodin, 1987), voluntary energy intake
was 29 percent higher following consumption of high GI test meals or
preloads compared to those of low GI, as summarized in Figure 6-4
(Roberts, 2000b). These data strongly suggest an effect of GI on short-
term energy intake, but there are currently little data on the effect of GI
on energy intake from longer-term clinical trials. Such data are necessary
before the effects of the GI of carbohydrate-containing foods on energy
regulation can be appropriately evaluated because the effects of GI on
energy intake might become smaller over time. Obtaining data from clini-
cal trials is especially important because although one nonblinded study
reported greater weight loss success in obese patients treated with a low GI
diet compared with a conventional low fat diet (Spieth et al., 2000), the
two epidemiological studies reporting BMI in their evaluations of the rela-
tionship between GI and development of chronic diseases observed no
significant association between GI and BMI (Liu et al., 2000; Salmerón et
al., 1997a, 1997b).
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TABLE 6-10 Sugar and Energy Intake

Sugar Intake
Reference Design and Study (% of Energy)

Total sugar
Gibson, 1993 2,705 boys and girls

Department of Health
Survey of British < 20.7
School Children 20.7–25.2

> 25.2

Nicklas et al., 568 boys and girls, 10 y 18.0
1996 Bogalusa Heart Study 22.0

26.4
31.2

Farris et al., 568 boys and girls, 10 y 16.1
1998 Bogalusa Heart Study 23.5

28.2
35.6

Added sugar
Lewis et al., Nationwide Food

1992 Consumption Survey
(1977–1978)

Gibson, 1996a 1,087 men and 1,110
women < 10

Dietary and Nutritional 10–13
Survey of British Adults 14–16

17–20
> 20

Gibson, 1997 1,675 boys and girls,
1.5–4.5 y < 12

U.K. National Diet and 12–16
Nutrition Survey of 16–20
Children 20–25

> 25

Bowman, 1999 Continuing Survey < 10
of Food Intakes by 10–18
Individuals > 18
(1994–1996)

a,b,c Different lettered superscripts within each study indicate that values were signifi-
cantly different.
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Energy Intake (kcal)

Boys Girls
10–11 y 14–15 y 10–11 y 14–15 y
1,954a 2,401a 1,753a 1,819a

2,095b 2,526b 1,838b 1,961b

2,066b 2,549b 1,871b 1,901a,b

2,291
2,245
2,274
2,016

2,249
2,286
2,144
2,061

High consumers of added sugars had greater
energy intakes than consumers of moderate
and low added sugars

Men Women
2,219a 1,438a

2,430b 1,681b

2,455b,c 1,738b

2,549b,c 1,773b

2,596c 1,774b

Boys Girls
1,129a 1,097a

1,168a,b 1,102a

1,187a,b 1,139a

1,188a,b 1,115a

1,217b 1,116a

1,860a

2,040b

2,049b
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TABLE 6-11 Interventional and Epidemiological Data on Sugar
Intake and Body Mass Index (BMI)

Sugar Intake
Reference Study Design (% of energy)

Total sugars
Dunnigan et al., 9 men and women, 31% sucrose

1970 4-wk crossover sucrose-free

Fehily et al., 1984 493 men, 45–59 y
7-d weighed dietary record

Dreon et al., 1988 155 obese men, 30–59 y 13.7 ± 8.4 g/1,000
7-d dietary record kcal

Miller et al., 1990 107 men and 109 women, 18–71 y
24-h recall and 2-d dietary

questionnaire

Gibson, 1993 2,705 boys and girls
Department of Health Survey of

British School Children < 20.7
20.7–25.2
< 25.2

Bolton-Smith and 11,626 men and women, Quintile
Woodward, 1994b 25–64 y 1

Scottish Heart Health 2
and MONICA studies 3

4
5

Gibson, 1996b 1,087 men and 1,110 women, Quintile
16–64 y 1

Dietary and Nutritional Survey 2
of British Adults 3

4
5
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BMI (kg)

62.4
63.8

Significant negative association between sucrose intake and BMI

Significant negative correlation between sucrose intake and BMI

Significant negative correlation between sugar intake and
percentage of body fat for women; no association for men 

Boys Girls
10–11 y 14–15 y 10–11 y 14–15 y
18.6a 20.2a 18.2a 21.2a

17.9a,b 20.0a,b 18.1a 20.2b

17.5b 19.2b 17.9a 19.8b

Men Women
27.0 26.5
26.4 26.0
26.0 25.5
25.5 25.1
24.7 24.4
Significant negative correlation between sugar intake and BMI

Men Women
24.9 25.4
25.3 24.7
25.2 24.5
24.8 23.8
24.4 24.4
Weak negative association between sugar intake and BMI

continued
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Physical Activity

Although consumption of high GI test foods increases glucose oxida-
tion and suppresses the availability of free fatty acids (Ritz et al., 1991), for
factors that would be predicted to have an adverse effect on the capacity
for endurance exercise there are conflicting reports on whether consump-
tion of high GI diets prior to exercise results in measurably adverse exer-
cise performance. Some studies report a negative effect of consumption of
high GI carbohydrates prior to exercise compared with consumption of
low GI carbohydrates (DeMarco et al., 1999; Gleeson et al., 1986; Okano et
al., 1988; Thomas et al., 1991), while other studies report no effect on
exercise performance (Chryssanthopoulos et al., 1994; Décombaz et al.,
1985; Febbraio et al., 2000; Hargreaves et al., 1987; Sparks et al., 1998). It
is possible that the level and duration of exercise and amount of test food
have critical influences on the results obtained in such studies. Since the

TABLE 6-11 Continued

Sugar Intake
Reference Study Design (% of energy)

Added sugars
Lewis et al., 1992 Nationwide Food Consumption

Survey (1977–1978)

Bolton-Smith and 11,626 men and women, Quintile
Woodward, 1994b 25–64 y 1

Scottish Heart Health and 2
MONICA studies 3

4
5

Gibson, 1996a 1,087 men and 1,110 women,
16–64 y < 10

Dietary and Nutritional 10–13
Survey of British Adults 14–16

17–20
> 20

Ludwig et al., 2001 Planet Health intervention
and evaluation project

a,b,c,d Different lettered superscripts within each study indicate that values were signifi-
cantly different.
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available studies are in considerable conflict, the potential for GI to impact
exercise performance at submaximal levels of exercise seems limited.

Lung Cancer

One case-control study in Uruguay (463 cases and 465 controls) sug-
gested that foods rich in sugars, total sucrose intake, sucrose-to-dietary
fiber ratio, and GI were associated with increased risk of lung cancer (De
Stefani et al., 1998).

Breast Cancer

The data examining sugars intake and breast cancer have been incon-
sistent (World Cancer Research Fund/American Institute for Cancer

BMI (kg)

High consumers of added sugars tended to weigh less than
moderate consumers 

Men Women
27.2 26.5
26.4 25.8
26.1 25.6
25.4 25.4
24.5 24.1
Significant negative correlation between added sugar intake and BMI

Men Women
25.9a 26.0a

25.5a,b 24.9a,b

24.8b,c 24.2b

24.4c,d 24.1b

24.1c,d 23.8b

Significant negative correlation between added sugar intake and BMI

For each additional serving of sugar-sweetened drink consumed,
BMI and frequency of obesity increased; baseline consumption
of sugar-sweetened drinks was independently associated with
change in BMI
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FIGURE 6-4 Summary of data from crossover studies examining the effects of the
glycemic index (GI) of test meals or preloads on subsequent energy intake. ∆ from
Spitzer and Rodin (1987), � from Rodin (1991), � from Guss et al. (1994), • from
Holt and Brand Miller (1995), ▫ from Ludwig et al. (1999). All published studies
that used pairs of diets differing in GI that contained physiologic amounts of ener-
gy, were isocaloric, and were approximately matched for all factors are summa-
rized (i.e., data from 10% sugar solutions in Guss et al. [1994] and the high and
medium GI meals only in Ludwig et al. [1999]). Where energy intake was assessed
at more than one time point, data from the longest period were used. Reprinted,
with permission, from Roberts (2000b). Copyright 2000 by the International Life
Sciences Institute.

Research, 1997) and therefore are insufficient to determine a role of sugars
in breast cancer (Burley, 1998). There are indications that insulin resis-
tance and insulin-like growth factors may play a role in the development of
breast cancer (Bruning et al., 1992; Kazer, 1995).
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Prostate Cancer

The Health Professionals Follow-Up Study (n = 47,781 men) demon-
strated a reduced risk of advanced prostate cancer associated with increased
fructose intakes. Both fruit intake and nonfruit sources of fructose
predicted reduced risk of advanced prostate cancer (Giovannucci et al.,
1998), but evidence to suggest a role of sugars in prostate cancer is lacking
(Burley, 1998).

Colorectal Cancer

The World Cancer Research Fund and American Institute for Cancer
Research (1997) reviewed the literature linking foods, nutrients, and
dietary patterns with the risk of human cancers worldwide. Data from five
case-control studies showed an increase in colorectal polyps and colorectal
cancer risk across intakes of sugars and foods rich in sugars (Benito et al.,
1990; Macquart-Moulin et al., 1986, 1987; Miller et al., 1983; Tuyns et al.,
1988). The subgroups studied showed an elevated risk for those consum-
ing 30 g or more per day compared with those eating less than 10 g/d.
Others have concluded that high consumption of fruits and vegetables, as
well as the avoidance of foods containing highly refined sugars, are likely
to reduce the risk of colon cancer (Giovannucci and Willett, 1994). In
many of the studies, sugars increased the risk of colorectal cancer while
fiber and starch had the opposite effect. One investigator suggested that
the positive association between high sugars consumption and colorectal
cancer reflects a global dietary habit that is generally associated with an
increased risk of colorectal cancer and may not indicate a biological effect
of sugars on colon carcinogenesis (Macquart-Moulin et al., 1987). Burley
(1997) concluded from a review of the available literature that there was
insufficient evidence to conclude whether sugars had a role in colon cancer.

Concerning a possible relationship between GI and colon cancer, two
groups recently reported a case-control study suggesting increased risk of
colon cancer among individuals consuming a high versus a low GI diet
(Franceschi et al., 2001; Slattery et al., 1997). However, data from other
types of investigations are currently unavailable.

Summary

GI

There is a significant body of data suggesting that more slowly
absorbed starchy foods that are less processed, or have been processed in
traditional ways, may have health advantages over those that are rapidly
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digested and absorbed. These foods have been classified as having a low
GI and reduce the glycemic load of the diet. Not all studies of low GI or
low glycemic load diets have resulted in beneficial effects. However, none
have shown negative effects. At a time when populations are increasingly
obese, inactive, and prone to insulin resistance, there are theoretical
reasons that dietary interventions that reduce insulin demand may have
advantages. In this section of the population, it is likely that more slowly
absorbed carbohydrate foods and low glycemic load diets will have the
greatest advantage.

Dietary GI and glycemic load have relatively predicable effects on
circulating glucose, hemoglobin A1c, insulin, triacylglycerol, HDL choles-
terol, and urinary C-peptide concentrations, particularly in individuals with
diabetes and hyperlipidemia. Although the data are lacking in healthy
individuals, on theoretical grounds, these effects would be expected to
result in reduced risks of type 2 diabetes and cardiovascular disease in
individuals consuming low GI versus high GI carbohydrates. However, the
results of epidemiological studies are not always consistent, perhaps
because of the difficulty of predicting dietary GI precisely from the rela-
tively simple dietary assessment tools used in some studies. Thus, although
there may be beneficial metabolic and disease prevention effects of con-
suming a greater proportion of carbohydrate from low GI sources, further
studies are needed before general recommendations on this issue can be
made for the general healthy population.

Further research is especially needed because recommendations to
reduce the GI of carbohydrate consumed by the general healthy popula-
tion would have a significant impact on recommended food sources.
Currently, recommended healthy carbohydrate sources with a high GI
include whole wheat breads, some breakfast cereals, and potatoes. A
recommendation to replace bread and potatoes in the U.S. diet with foods
of lower GI would involve major changes in current dietary patterns, and
thus substantial evidence of significant beneficial effects of GI is needed.
Another important practical issue in considering recommendations on GI
is that dietary fiber somewhat decreases GI and may have a beneficial role
in several chronic diseases, including the prevention of cardiovascular dis-
ease (see Chapter 7). Currently, the median intake of Dietary Fiber is only
about half the Adequate Intake (AI) for Total Fiber (see Appendix Table E-
4 and Chapter 7), and the question of whether lowering the GI has mea-
surable beneficial effects on chronic diseases among individuals consum-
ing recommended fiber intakes has received little attention (Luscombe et
al., 1999).

Concerning obesity, there is limited evidence suggesting an effect of GI
on short-term energy intake. Data from long-term clinical trials on the effects
on energy intake are lacking and further studies are needed in this area.



DIETARY CARBOHYDRATES: SUGARS AND STARCHES 323

In summary, a UL based on GI is not made at the present time because,
although several lines of evidence suggest adverse effects of high GI carbo-
hydrates, it is difficult to eliminate other contributing factors, and the
critical mass of evidence necessary for recommending substantial dietary
change is not available. Furthermore, it should be noted that sugars have a
lower GI than starch yet are rapidly absorbed. However, the principle of
slowing carbohydrate absorption, which may underpin the positive find-
ings made in relation to GI, is a potentially important principal with respect
to the beneficial health effects of carbohydrate. Further research in this
area is needed.

Sugars

Based on the data available on dental caries, behavior, cancer, risk of
obesity, and risk of hyperlipidemia, there is insufficient evidence to set a
UL for total or added sugars. Although a UL is not set for sugars, a maxi-
mal intake level of 25 percent or less of energy from added sugars is sug-
gested based on the decreased intake of some micronutrients of American
subpopulations exceeding this level (see Chapter 11 and Appendix J).
Because not all micronutrients and other nutrients such as fiber were not
examined, the association between added sugars and these nutrients it is
not known. While it is recognized that hypertriglyceridemia can occur
with increasing intakes of total (intrinsic plus added) sugars, total sugars
intake can be limited by minimizing the intake of added sugars and con-
suming naturally occurring sugars present in nutrient-rich milk, dairy prod-
ucts, and fruits.

Intake Assessment

Median intakes of added sugars were highest in young adults, particu-
larly adolescent males (35.7 tsp or 143 g), and progressively declined with
age (Appendix Table D-1). At the 95th percentile of intake, added sugars
intakes were as high as 52 tsp (208 g or 832 kcal) for men aged 19 to
50 years.

RESEARCH RECOMMENDATIONS

• There is a need for more research to elucidate the metabolic and
long-term health differences resulting from the ingestion of high versus
low glycemic index carbohydrates using larger, diverse sample sizes and
whole-food diets.

• There is a need for research to determine if the energy density
approach to weight reduction is effective in the long-term.



324 DIETARY REFERENCE INTAKES

• Experimental studies are needed to determine whether there is a
metabolic effect of sugars in enhancing energy expenditure or in sup-
pressing fat intake at a fixed level of energy.

• Research is needed to determine the effect of low glycemic index
foods and low glycemic-load diets on serum lipids and other risk factors
for chronic disease and complications, especially in high-risk groups.
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7
Dietary, Functional, and

Total Fiber

SUMMARY

Dietary Fiber consists of nondigestible carbohydrates and lignin that
are intrinsic and intact in plants. Functional Fiber consists of isolated,
nondigestible carbohydrates that have beneficial physiological effects
in humans. Total Fiber is the sum of Dietary Fiber and Functional
Fiber. Fibers have different properties that result in different
physiological effects. For example, viscous fibers may delay the
gastric emptying of ingested foods into the small intestine, result-
ing in a sensation of fullness, which may contribute to weight con-
trol. Delayed gastric emptying may also reduce postprandial blood
glucose concentrations and potentially have a beneficial effect on
insulin sensitivity. Viscous fibers can interfere with the absorption
of dietary fat and cholesterol, as well as with the enterohepatic
recirculation of cholesterol and bile acids, which may result in
reduced blood cholesterol concentrations. Consumption of Dietary
and certain Functional Fibers, particularly those that are poorly
fermented, is known to improve fecal bulk and laxation and
ameliorate constipation. The relationship of fiber intake to colon
cancer is the subject of ongoing investigation and is currently
unresolved. An Adequate Intake (AI) for Total Fiber in foods is set
at 38 and 25 g/d for young men and women, respectively, based
on the intake level observed to protect against coronary heart dis-
ease. Median intakes of Dietary Fiber ranged from 16.5 to 17.9 g/d
for men and 12.1 to 13.8 g/d for women (Appendix Table E-4).
There was insufficient evidence to set a Tolerable Upper Intake
Level (UL) for Dietary Fiber or Functional Fiber.
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BACKGROUND INFORMATION

Overview

Definitions of Fiber

A variety of definitions of fiber exist worldwide (IOM, 2001). Some are
based solely on one or more analytical methods for isolating fiber, while
others are physiologically based. For instance, in the United States fiber is
defined by a number of analytical methods that are accepted by the Asso-
ciation of Official Analytical Chemists International (AOAC); these methods
isolate nondigestible animal and plant carbohydrates. In Canada, how-
ever, a formal definition has been in place that recognizes nondigestible
food of plant origin—but not of animal origin—as fiber. As nutrition
labeling becomes uniform throughout the world, it is recognized that a
single definition of fiber may be needed. Furthermore, new products are
being developed or isolated that behave like fiber, yet do not meet the
traditional definitions of fiber, either analytically or physiologically.

Without an accurate definition of fiber, compounds can be designed
or isolated and concentrated using available methods without necessarily
providing beneficial health effects, which most people consider to be an
important attribute of fiber. Other compounds can be developed that are
nondigestible and provide beneficial health effects, yet do not meet the
current U.S. definition based on analytical methods. For these reasons, the
Food and Nutrition Board, under the oversight of the Standing Committee
on the Scientific Evaluation of Dietary Reference Intakes, assembled a
Panel on the Definition of Dietary Fiber to develop a proposed definition
of fiber (IOM, 2001). Based on the panel’s deliberations, consideration of
public comments, and subsequent modifications, the following definitions
have been developed:

Dietary Fiber consists of nondigestible carbohydrates and lignin that are
intrinsic and intact in plants.

Functional Fiber consists of isolated, nondigestible carbohydrates that
have beneficial physiological effects in humans.

Total Fiber is the sum of Dietary Fiber and Functional Fiber.

This two-pronged approach to define edible, nondigestible carbohydrates
recognizes the diversity of carbohydrates in the human food supply that
are not digested: plant cell wall and storage carbohydrates that predomi-
nate in foods, carbohydrates contributed by animal foods, and isolated
and low molecular weight carbohydrates that occur naturally or have been
synthesized or otherwise manufactured. These definitions recognize a con-
tinuum of carbohydrates and allow for flexibility to incorporate new fiber
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sources developed in the future (after demonstration of beneficial physi-
ological effects in humans). While it is not anticipated that the new defini-
tions will significantly impact recommended levels of intake, information
on both Dietary Fiber and Functional Fiber will more clearly delineate the
source of fiber and the potential health benefits. Although sugars and
sugar alcohols could potentially be categorized as Functional Fibers, for la-
beling purposes they are not considered to be Functional Fibers because
they fall under “sugars” and “sugar alcohols” on the food label.

Distinguishing Features of Dietary Fiber Compared with
Functional Fiber

Dietary Fiber consists of nondigestible food plant carbohydrates and
lignin in which the plant matrix is largely intact. Specific examples are
provided in Table 7-1. Nondigestible means that the material is not
digested and absorbed in the human small intestine. Nondigestible plant
carbohydrates in foods are usually a mixture of polysaccharides that are
integral components of the plant cell wall or intercellular structure. This
definition recognizes that the three-dimensional plant matrix is respon-
sible for some of the physicochemical properties attributed to Dietary Fiber.
Fractions of plant foods are considered Dietary Fiber if the plant cells and
their three-dimensional interrelationships remain largely intact. Thus,
mechanical treatment would still result in intact fiber. Another distinguish-
ing feature of Dietary Fiber sources is that they contain other macronutrients
(e.g., digestible carbohydrate and protein) normally found in foods. For
example, cereal brans, which are obtained by grinding, are anatomical
layers of the grain consisting of intact cells and substantial amounts of
starch and protein; they would be categorized as Dietary Fiber sources.

TABLE 7-1 Characteristics of Dietary Fiber

Characteristic Dietary Fiber

Nondigestible animal carbohydrate No
Carbohydrates not recovered by alcohol precipitationa Yes
Nondigestible mono- and disaccharides and polyols No
Lignin Yes
Resistant starch Some
Intact, naturally occurring food source only Yes
Resistant to human enzymes Yes
Specifies physiological effect No

a Includes inulin, oligosaccharides (3–10 degrees of polymerization), fructans, poly-
dextrose, methylcellulose, resistant maltodextrins, and other related compounds.
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Resistant starch that is naturally occurring and inherent in a food or
created during normal processing of a food, as is the case for flaked corn
cereal, would be categorized as Dietary Fiber. Examples of oligosaccharides
that fall under the category of Dietary Fiber are those that are normally
constituents of a Dietary Fiber source, such as raffinose, stachyose, and
verbacose in legumes, and the low molecular weight fructans in foods,
such as Jerusalem artichoke and onions.

Functional Fiber consists of isolated or extracted nondigestible carbo-
hydrates that have beneficial physiological effects in humans. Functional Fibers
may be isolated or extracted using chemical, enzymatic, or aqueous steps.
Synthetically manufactured or naturally occurring isolated oligosaccharides
and manufactured resistant starch are included in this definition. Also
included are those naturally occurring polysaccharides or oligosaccharides
usually extracted from their plant source that have been modified (e.g., to
a shorter polymer length or to a different molecular arrangement).
Although they have been inadequately studied, animal-derived carbohy-
drates such as connective tissue are generally regarded as nondigestible.
The fact that animal-derived carbohydrates are not of plant origin forms
the basis for including animal-derived, nondigestible carbohydrates in the
Functional Fiber category. Isolated, manufactured, or synthetic oligosaccharides
of three or more degrees of polymerization are considered to be Functional
Fiber. Nondigestible monosaccharides, disaccharides, and sugar alcohols
are not considered to be Functional Fibers because they fall under “sugars” or
“sugar alcohols” on the food label. Also, rapidly changing lumenal fluid bal-
ance resulting from large amounts of nondigestible mono- and disaccharides
or low molecular weight oligosaccharides, such as that which occurs when
sugar alcohols are consumed, is not considered a mechanism of laxation
for Functional Fibers.

Rationale for Definitions

Nondigestible carbohydrates are frequently isolated to concentrate a
desirable attribute of the mixture from which it was extracted. Distinguish-
ing a category of Functional Fiber allows for the desirable characteristics of
such components to be highlighted. In the relatively near future, plant
and animal synthetic enzymes may be produced as recombinant proteins,
which in turn may be used in the manufacture of fiber-like materials. The
definition will allow for the inclusion of these materials and will provide a
viable avenue to synthesize specific oligosaccharides and polysaccharides
that are part of plant and animal tissues.

In summary, one definition has been proposed for Dietary Fiber because
many other substances in high fiber foods, including a variety of vitamins
and minerals, often have made it difficult to demonstrate a significant



DIETARY, FUNCTIONAL, AND TOTAL FIBER 343

health benefit specifically attributable to the fiber in foods. Thus, it is
difficult to separate out the effect of fiber per se from the high fiber food.
Attempts have been made to do this, particularly in epidemiological studies,
by controlling for other substances in those foods, but these attempts were
not always successful. The advantage, then, of adding isolated non-
digestible carbohydrates as a fiber source to a food is that one may be able
to draw conclusions about Functional Fiber itself with regard to its physi-
ological role rather than that of the vehicle in which it is found. The
proposed definitions do not preclude research directed towards the health
benefits of Dietary Fiber in foods, but it is not necessary to demonstrate a
physiological effect in order for a food fiber to be listed as Dietary Fiber.

An important aspect of the recommended definitions is that a sub-
stance is required to demonstrate a beneficial physiological effect to be
classified as Functional Fiber. Research has shown that extraction or isola-
tion of a polysaccharide, usually through chemical, enzymatic, or aqueous
means, can either enhance its health benefit (usually because it is a more
concentrated source) or diminish the beneficial effect. These recommen-
dations should be helpful in evaluating diet and disease relationship studies
as it will be possible to classify fiber-like components as Functional Fibers
due to their documented health benefits. Although databases are not cur-
rently constructed to delineate potential beneficial effects of specific fibers,
there is no reason that this could not be accomplished in the future.

Examples of Dietary and Functional Fibers

As described in the report, Dietary Reference Intakes: Proposed Definition of
Dietary Fiber (IOM, 2001), Dietary Fiber includes plant nonstarch poly-
saccharides (e.g., cellulose, pectin, gums, hemicellulose, β-glucans, and
fibers contained in oat and wheat bran), plant carbohydrates that are not
recovered by alcohol precipitation (e.g., inulin, oligosaccharides, and
fructans), lignin, and some resistant starch. Potential Functional Fibers for
food labeling include isolated, nondigestible plant (e.g., resistant starch,
pectin, and gums), animal (e.g., chitin and chitosan), or commercially
produced (e.g., resistant starch, polydextrose, inulin, and indigestible
dextrins) carbohydrates.

How the Definitions Affect the Interpretation of This Report

The reason that a definition of fiber is so important is that what is or is
not considered to be dietary fiber in, for example, a major epidemiological
study on fiber and heart disease or fiber and colon cancer, could deter-
mine the results and interpretation of that study. In turn, that would affect
recommendations regarding fiber intake. Clearly, the definitions described
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above were developed after the studies cited in this report, which form the
basis for fiber intake recommendations. However, that should not detract
from the relevance of the recommendations, as the database used to mea-
sure fiber for these studies will be noted.

For example, most epidemiological studies use the U.S. Department
of Agriculture (USDA) database for fiber, along with other databases and
data added by the investigators for missing values (Hallfrisch et al., 1988;
Heilbrun et al., 1989; Miller et al., 1983; Platz et al., 1997). Such a database
represents Dietary Fiber, since Functional Fibers that serve as food ingredients
contribute a minor amount to the Total Fiber content of foods. In 1987, the
U.S. Food and Drug Administration (FDA) adopted AOAC method 985.29
for regulatory purposes to identify fiber as a mixture of nonstarch poly-
saccharides, lignin, and some resistant starch (FDA, 1987). Related
methods that isolated the same components as AOAC method 985.29 were
developed independently and accepted by AOAC and FDA in subsequent
years. These methods exclude all oligosaccharides (3 to 9 degrees of poly-
merization) from the definition and include all polysaccharides, lignin,
and some of the resistant starch that is resistant to the enzymes (protease,
amylase, and amyloglucosidase) used in the AOAC methods. It is these
methods that are used to measure the fiber content of foods that is entered
into the USDA database.

Other epidemiological studies have assessed intake of specific high
fiber foods, such as legumes, breakfast cereals, fruits, and vegetables (Hill,
1997; Thun et al., 1992). Intervention studies often use specific fiber
supplements such as pectin, psyllium, and guar gum, which would, by the
above definition, be considered Functional Fibers if their role in human
health is documented. For the above reasons, the type of fiber (Dietary,
Functional, or Total Fiber) used in the studies discussed later in this chapter
is identified.

Description of the Common Dietary and Functional Fibers

Below is a description of the Dietary Fibers that are most abundant in
foods and the Functional Fibers that are commonly added to foods or pro-
vided as supplements. To be classified as a Functional Fiber for food labeling
purposes, a certain level of information on the beneficial physiological
effects in humans will be needed. For some of the known beneficial effects
of Dietary and potential Functional Fibers, see “Physiological Effects of Iso-
lated and Synthetic Fibers” and “Evidence Considered for Estimating the
Requirement for Dietary Fiber and Functional Fiber.”

Cellulose. Cellulose, a polysaccharide consisting of linear β-(1,4)−linked
glucopyranoside units, is the main structural component of plant cell walls.
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Humans lack digestive enzymes to cleave β-(1,4) linkages and thus cannot
absorb glucose from cellulose. Powdered cellulose is a purified, mechani-
cally disintegrated cellulose obtained as a pulp from wood or cotton and is
added to food as an anticaking, thickening, and texturizing agent. Dietary
cellulose can be classified as Dietary Fiber or Functional Fiber, depending on
whether it is naturally occurring in food (Dietary Fiber) or added to foods
(Functional Fiber).

Chitin and Chitosan. Chitin is an amino-polysaccharide containing
β-(1,4) linkages as is present in cellulose. Chitosan is the deacetylated
product of chitin. Both chitin and chitosan are found in the exoskeletons
of arthropods (e.g., crabs and lobsters) and in the cell walls of most fungi.
Neither chitin nor chitosan is digested by mammalian digestive enzymes.
Chitin and chitosan are primarily consumed as a supplement and poten-
tially can be classified as Functional Fibers if sufficient data on physiological
benefits in humans are documented.

β-Glucans. β-glucans are homopolysaccharides of branched glucose
resides. These β-linked D-glucopyranose polymers are constituents of fungi,
algae, and higher plants (e.g., barley and oats). Naturally occurring β-glucans
can be classified as Dietary Fibers, whereas added or isolated β-glucans are
potential Functional Fibers.

Gums. Gums consist of a diverse group of polysaccharides usually iso-
lated from seeds and have a viscous feature. Guar gum is produced by the
milling of the endosperm of the guar seed. The major polysaccharide in
guar gum is galactomannan. Galactomannans are highly viscous and are
therefore used as food ingredients for their thickening, gelling, and stabi-
lizing properties. Gums in the diet can be classified as Dietary or Functional
Fibers.

Hemicelluloses. Hemicelluloses are a group of polysaccharides found
in plant cell walls that surround cellulose. These polymers can be linear or
branched and consist of glucose, arabinose, mannose, xylose, and galact-
uronic acid. Dietary hemicelluoses are classified as Dietary Fibers.

Inulin, Oligofructose, and Fructooligosaccharides. Inulin and oligofructose
are naturally occurring in a variety of plants. Most of the commercially
available inulin and oligofructose is either synthesized from sucrose or
extracted and purified from chicory roots. Oligofructose is also formed by
partial hydrolysis of inulin. Inulin is a polydisperse β-(2,1)-linked fructan
with a glucose molecule at the end of each fructose chain. The chain
length is usually 2 to 60 units, with an average degree of polymerization of
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ten. The β-(2,1) linkage is resistant to enzymatic digestion. Synthetic
oligofructose contains β-(2,1) fructose chains with and without terminal
glucose units. The chain ranges from two to eight monosaccharide residues.
Synthetic fructooligosaccharides have the same chemical and structural
composition as oligofructose, except that the degree of polymerization
ranges from two to four. Because many current definitions of dietary fiber
are based on methods involving ethanol precipitation, oligosaccharides
and fructans that are endogenous in foods, but soluble in ethanol, are not
analyzed as dietary fiber. Thus, the USDA database does not currently
include these fiber sources. With respect to the definitions outlined in this
chapter, the naturally occurring fructans that are found in plants, such as
chicory, onions, and Jerusalem artichoke, would be classified as Dietary
Fibers; the synthesized or extracted fructans could be classified as Func-
tional Fibers when there are sufficient data to show positive physiological
effects in humans.

Lignin. Lignin is a highly branched polymer comprised of phenyl-
propanoid units and is found within “woody” plant cell walls, covalently
bound to fibrous polysaccharides (Dietary Fibers). Although not a carbo-
hydrate, because of its association with Dietary Fiber, and because it affects
the physiological effects of Dietary Fiber, lignin is classified as a Dietary Fiber
if it is relatively intact in the plant. Lignin isolated and added to foods
could be classified as Functional Fiber given sufficient data on positive physi-
ological effects in humans.

Pectins. Pectins, which are found in the cell wall and intracellular
tissues of many fruits and berries, consist of galacturonic acid units with
rhamnose interspersed in a linear chain. Pectins frequently have side
chains of neutral sugars, and the galactose units may be esterified with a
methyl group, a feature that allows for its viscosity. While fruits and veg-
etables contain 5 to 10 percent naturally occurring pectin, pectins are
industrially extracted from citrus peels and apple pomace. Isolated, high
methoxylated pectins are mainly added to jams due to their gelling prop-
erties with high amounts of sugar. Low methoxylated pectins are added to
low-calorie gelled products, such as sugar-free jams and yogurts. Thus,
pectins in the diet are classified as Dietary and/or Functional Fiber.

Polydextrose. Polydextrose is a polysaccharide that is synthesized by
random polymerization of glucose and sorbitol. Polydextrose serves as a
bulking agent in foods and sometimes as a sugar substitute. Polydextrose is
not digested or absorbed in the small intestine and is partially fermented
in the large intestine, with the remaining excreted in the feces. Polydextrose



DIETARY, FUNCTIONAL, AND TOTAL FIBER 347

can potentially be classified as a Functional Fiber when sufficient data on
physiological benefits in humans are documented.

Psyllium. Psyllium refers to the husk of psyllium seeds and is a very
viscous mucilage in aqueous solution. The psyllium seed, also known as
plantago or flea seed, is small, dark, reddish-brown, odorless, and nearly
tasteless. P. ovata, known as blond or Indian plantago seed, is the species
from which husk is usually derived. P. ramosa is known as Spanish or French
psyllium seed. Psyllium, also known as ispaghula husk, may be classified as
a Functional Fiber.

Resistant Dextrins. Indigestible components of starch hydrolysates, as a
result of heat and enzymatic treatment, yield indigestible dextrins that are
also called resistant maltodextrins. Unlike gums, which have a high viscosity
that can lead to problems in food processing and unpleasant organoleptic
properties, resistant maltodextrins are easily added to foods and have a
good mouth feel. Resistant maltodextrins are produced by heat/acid treat-
ment of cornstarch, followed by enzymatic (amylase) treatment. The average
molecular weight of resistant maltodextrins is 2,000 daltons and consists of
polymers of glucose containing α-(1-4) and α-(1-6) glucosidic bonds, as
well as 1-2 and 1-3 linkages. Resistant dextrins can potentially be classified
as Functional Fibers when sufficient data on physiological benefits in humans
are documented.

Resistant Starch. Resistant starch is naturally occurring, but can also be
produced by the modification of starch during the processing of foods.
Starch that is included in a plant cell wall and thus physically inaccessible
to α-amylase is called RS1. Native starch that can be made accessible to the
enzyme by gelatinization is called RS2. Resistant starch that is formed
during processing is called RS3 or RS4 and is considered to be fiber that is
isolated rather than intact and naturally occurring. RS3 (retrograded
starch) is formed from the cooking and cooling or extrusion of starchy
foods (e.g., potato chips and cereals). RS4 (chemically modified starch)
includes starch esters, starch ethers, and cross-bonded starches that have
been produced by the chemical modification of starch. RS3 and RS4 are
not digested by mammalian intestinal enzymes and are partly fermented
in the colon (Cummings et al., 1996; Englyst et al., 1992). Resistant starch
is estimated to be approximately 10 percent (2 to 20 percent) of the
amount of starch consumed in the Western diet (Stephen et al., 1983).
Thus, RS1 and RS2 are classified as Dietary Fibers, and RS3 and RS4 may be
classified as Functional Fibers.
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Physiology of Absorption, Metabolism, and Excretion

By definition, Dietary Fiber and Functional Fiber are not digested by mam-
malian enzymes. Therefore, they pass into the large intestine relatively
intact. Along the gastrointestinal tract, properties of fiber result in differ-
ent physiological effects.

Effect on Gastric Emptying and Satiety

Consumption of viscous fibers delays gastric emptying (Low, 1990;
Roberfroid, 1993) and expands the effective unstirred layer, thus slowing
the process of absorption once in the small intestine (Blackburn et al.,
1984). This in turn can cause an extended feeling of fullness (Bergmann
et al., 1992). A slower emptying rate means delayed digestion and absorp-
tion of nutrients (Jenkins et al., 1978; Ritz et al., 1991; Roberfroid, 1993;
Truswell, 1992), resulting in decreased absorption of energy (Heaton,
1973). For example, Stevens and coworkers (1987) showed an 11 percent
reduction in energy intake with psyllium gum intake. Postprandial glucose
concentration in the blood is thus lower after the consumption of viscous
fiber than after consumption of digestible carbohydrate alone (Benini et
al., 1995; Holt et al., 1992; Leathwood and Pollet, 1988). The extended
presence of nutrients in the upper small intestine may promote satiety
(Sepple and Read, 1989).

Fermentation

Fibers may be fermented by the colonic microflora to carbon dioxide,
methane, hydrogen, and short-chain fatty acids (primarily acetate, propi-
onate, and butyrate). Foods rich in hemicelluloses and pectins, such as
fruits and vegetables, contain Dietary Fiber that is more completely ferment-
able than foods rich in celluloses, such as cereals (Cummings, 1984;
Cummings and Englyst, 1987; McBurney and Thompson, 1990). There
appears to be no relationship between the level of Dietary Fiber intake and
fermentability up to very high levels (Livesey, 1990). Resistant starch is
highly fermentable (van Munster et al., 1994). Butyrate, a four-carbon,
short-chain fatty acid, is the preferred energy source for colon cells
(Roediger, 1982), and lack of butyrate production, absorption, or metabo-
lism is thought by some to contribute to ulcerative colitis (Roediger, 1980;
Roediger et al., 1993). Others have suggested that butyrate may be protec-
tive against colon cancer (see “Dietary Fiber and the Prevention of Colon
Cancer”). However, the relationship between butyrate and colon cancer is
controversial and the subject of ongoing investigation (Lupton, 1995).
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Contribution of Fiber to Energy

When a metabolizable carbohydrate is absorbed in the small intestine,
its energy value is 16.7 kJ/g (4 kcal/g); when fiber is anaerobically fer-
mented by colonic microflora in the large intestine, short-chain fatty acids
(e.g., butyrate, acetate, and propionate) are produced and absorbed as an
energy source. Once absorbed into the colon cells, butyrate can be used as
an energy source by colonocytes (Roediger, 1982); acetate and propionate
travel through the portal vein to the liver, where propionate is then utilized
by the liver. Acetate can be metabolized peripherally. A small proportion
of energy from fermented fiber is used for bacterial growth and mainte-
nance, and bacteria are excreted in feces, which also contain short-chain
fatty acids (Cummings and Branch, 1986). Differences in food composi-
tion, patterns of food consumption, the administered dose of fiber, the
metabolic status of the individual (e.g., obese, lean, malnourished), and
the digestive capability of the individual influence the digestible energy
consumed and the metabolizable energy available from various dietary
fibers. Because the process of fermentation is anaerobic, less energy is
recovered from fiber than the 4 kcal/g that is recovered from carbohy-
drate. While it is still unclear as to the energy yield of fibers in humans,
current data indicate that the yield is in the range of 1.5 to 2.5 kcal/g
(Livesey, 1990; Smith et al., 1998).

Physiological Effects of Isolated and Synthetic Fibers

This section summarizes the fibers for which there is a sufficient data-
base that documents their beneficial physiological human effects, which is
the rationale for categorizing them as Functional Fibers. It is important to
note that discussions on the potential benefits of what might eventually be
classified as Functional Fibers should not be construed as endorsements of
those fibers. While plant-based foods are a good source of Dietary Fiber,
isolated or synthetic fibers have been developed for their use as food
ingredients and because of their beneficial role in human health. In 1988
Health Canada published guidelines for what they considered to be “novel
fiber sources” and food products containing them that could be labeled as
a source of fiber in addition to those included in their 1985 definition
(Health Canada, 1988). The rationale for these guidelines was that there
were safety issues unique to novel sources of fiber, and if a product was
represented as containing fiber, it should have the beneficial physiological
effects associated with dietary fiber that the public expects. The guidelines
indicated that both safety and efficacy of the fiber source had to be estab-
lished in order for the product to be identified as a source of dietary fiber
in Canada, and this had to be done through experiments using humans.
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Three measures of efficacy were identified: (1) laxation, (2) normalization
of blood lipid concentrations, and (3) attenuation of blood glucose
responses. Detailed guidelines were later produced for the clinical studies
required to assess laxation effects, as this was the physiological function
most often used by industry when seeking approval for a novel fiber source
(Health Canada, 1997). For each of the fiber sources discussed below,
studies will be summarized that relate to one of the three measures of
efficacy identified by Health Canada, as these are the three most commonly
accepted beneficial effects of fibers. A more complete discussion of these
three measures of efficacy may be found later in this chapter. In addition,
other potentially efficacious effects will be noted where studies are available.

As interest has increased in fiber, manufacturers have isolated various
types of fiber from a wide range of carbohydrate sources added to foods.
Many of these isolated materials are used as food additives based on func-
tional properties such as thickening or fat reduction. As enzymatic and
other technologies evolve, many types of polysaccharides will continue to
be designed and manufactured using plant and animal synthetic enzymes.
Examples in this category include modified cellulose, in which the hydroxyl
groups on the glucose residues have been substituted to varying degrees
with alkyl groups such as methyl and propyl; fructooligosaccharides manu-
factured from sucrose; and polydextrose synthesized from glucose. In some
instances, fibers isolated from plants or manufactured chemically or
synthetically have demonstrated more powerful beneficial physiological
effects than a food source of the fiber polysaccharide.

Cellulose

Laxation. From a meta-analysis of about 100 studies of changes in stool
weight with various fiber sources, investigators have calculated the increase
in fecal weight due to fiber ingestion (Cummings, 1993). As noted later in
this chapter, an increase in fecal weight does not necessarily equate with
enhanced laxation, so this needs to be considered in interpreting the
results of fecal bulking studies. Cellulose was shown to increase fecal bulk
by 3 g/g of cellulose fed. This is lower than that achieved by bran (5.7 g/g
of bran), but higher than that of isolated, fermentable fibers such as pectin
(1.3 g/g of pectin) (Cummings, 1993). In a randomized, crossover study
designed to compare the effects of supplemental pectin (12 g/d), cellulose
(15 g/d), and lignin (12 g/d) on stool characteristics of healthy volunteers,
cellulose was the only fiber that significantly decreased (–27 percent) mean
stool transit time and increased mean wet stool weight (+57 percent)
(Hillman et al., 1983).
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Normalization of Blood Lipid Concentrations. Cellulose is often used as
the placebo in studies designed to test the efficacy of fibers on decreasing
serum cholesterol concentrations. Cellulose is either neutral with respect
to blood cholesterol concentrations (Hillman et al., 1985; Niemi et al.,
1988) or, in some studies, it actually shows a slight increase (Anderson et
al., 1999).

Attenuation of Blood Glucose Responses. Similar to the relationship
between cellulose and serum cholesterol concentrations, cellulose is also
often used as a placebo in studies that evaluate the effect of fiber on blood
glucose and insulin concentrations. Cellulose is ineffective in decreasing
the postprandial glucose response (Librenti et al., 1992; Niemi et al., 1988).

Chitin and Chitosan

Laxation. There is no evidence that chitin or chitosan function as laxa-
tives in humans.

Normalization of Blood Lipid Concentrations. There are a number of
animal studies that have suggested that chitin and chitosan may decrease
lipid absorption and thus the amount of fat entering the blood (Gallaher
et al., 2000; Razdan and Pettersson, 1994; Sugano et al., 1980; Zacour et
al., 1992). Therefore, blood cholesterol and triacylglycerol concentrations
have been shown to be reduced with chitosan intake in animals (Chiang et
al., 2000; Jennings et al., 1988; Razdan and Pettersson, 1994, 1996; Razdan
et al., 1997).

These results, however, have not always been observed in controlled
intervention trials with humans. When adult volunteers were given 2.7 g of
chitosan for 7 days, there was no effect on fecal fat excretion (Guerciolini
et al., 2001). When 2.4 g of chitosan was consumed daily by women, a
significant reduction in low density lipoprotein (LDL) cholesterol concen-
tration was observed (Wuolijoki et al., 1999). More intervention studies
are needed to further understand the role of chitin and chitosan in the
attenuation of blood lipid concentration in humans.

Attenuation of Blood Glucose Responses. There are no known reports in
humans on chitin or chitosan intake and the attenuation of blood glucose
responses.

Other Potential Physiological Effects. Because chitosan has been shown
in some animal studies to reduce fat absorption, it has been proposed that
chitosan intake can aid in weight reduction. When rats were fed up to
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5 percent of their diet as chitosan, there was no effect on weight gain
(Jennings et al., 1988; Sugano et al., 1980). Significantly reduced body
weights were observed when chickens were fed 30 g/kg of chitosan (Razdan
et al., 1997). There was no change in body weight in women consuming
2.4 g/d of chitosan for 8 weeks (Wuolijoki et al., 1999). Furthermore, no
change in body weight was observed in women who consumed 2 g/d of
chitosan for 28 days (Pittler et al., 1999). Similarly, in a study of 88 obese
Asians, Ho and colleagues (2001) found no effect of chitosan supplemen-
tation (3 g/d) on weight, body mass index, or lean body mass compared to
placebo.

Guar Gum

Laxation. As a viscous, highly fermentable fiber, guar gum has little
effect on fecal bulk or laxation (Slavin, 1987).

Normalization of Blood Lipid Concentrations. Jenkins and coworkers
(1975) reported the hypocholesterolemic effect of guar gum, which is
often added to foods. Since 1975 there have been a number of studies with
guar gum supplementation and findings of an 11 to 16 percent reduction
in serum cholesterol concentration (Anderson and Tietyen-Clark, 1986;
Penagini et al., 1986). For example, when type 2 diabetics were provided
guar gum (21 g/d) for 3 months, the mean serum total and LDL cholesterol
concentrations were significantly lower than controls (Aro et al., 1981).
Furthermore, hypercholesterolemic men who received 15 g/d of guar gum
had significantly lower serum total cholesterol and LDL cholesterol con-
centrations compared to the placebo controls after 6 weeks (Aro et al.,
1984). Blake and coworkers (1997) evaluated the effect of depolymerized
guar galactomannan on fasting plasma lipid concentrations in volunteers
with moderately raised plasma cholesterol. There were significant reductions
in plasma total cholesterol (9.7 percent) and LDL cholesterol (11 per-
cent) concentrations after the guar treatment (p < 0.001). In addition to
decreasing blood cholesterol concentrations, guar gum has also been
shown to decrease concentrations of triacylglycerols (Bosello et al., 1984),
as well as systolic and diastolic blood pressure (Krotkiewski, 1987).

Attenuation of Blood Glucose Responses. Viscous fibers, such as pectin
and guar gum and those present in oat products and beans, produced
significant reductions in glycemic response in 33 of 50 studies (66 per-
cent) as reviewed in Wolever and Jenkins (1993). This is in contrast to only
3 of 14 studies conducted with insoluble fiber (21 percent). For example,
when individuals with type 2 diabetes were given 21 g/d of guar gum,
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there was a significant reduction in both basal and postprandial hyper-
glycemia compared to the placebo controls (Aro et al., 1981). In addition,
the provision of 30 g/d of guar gum decreased fasting blood glucose con-
centration and increased insulin sensitivity (Landin et al., 1992).

In a dose–response study to determine the amount of guar gum
needed to decrease postprandial glycemia and insulinemia, guar gum was
supplied at 0, 2.9, 6.0, and 9.1 g/d in the form of biscuits to eight
nondiabetics (Ellis et al., 1988). A reduction of 209 mU/min/L in the
integrated insulin curve was estimated for every 1 g of guar gum incorpo-
rated into the biscuit. The addition of 10 g/d of guar gum to a test meal
generated an overall decrease in blood glucose concentrations in both
normal (n = 5) and diabetic (n = 6) individuals (Goulder et al., 1978).

Guar gum has also been shown to be effective when sprinkled on
food. In a study with 18 type 2-diabetic patients, 5 g of guar gum granules
or 5 g of wheat bran were sprinkled over food at each main meal for
4 weeks (Fuessl et al., 1987). There was a 50 percent reduction in the
incremental area under the postprandial glycemic curve with the guar
gum. Mean fasting plasma glucose and glycosylated hemoglobin concen-
trations were lower after treatment with guar gum compared with the
wheat bran control.

Not all studies, however, have found a glycemic benefit from guar
administration. In one study with type 2 diabetics with near-normal fasting
plasma glucose concentrations, 15 g/d of guar gum did not reduce the
excessive postprandial glycemic response (Holman et al., 1987). Although
the mechanism for improved glycemic response seen with guar gum in
most studies is not entirely clear, guar gum has been shown to increase
C-peptide response over time, thus suggesting enhanced insulin secretion
by guar gum (Groop et al., 1993). When the standard glucose test was
performed after ingestion of 15 g/d of guar gum, improved glucose toler-
ance was observed in all but one pregnant women. In addition, guar gum
generated significant reductions in mean serum glucose concentrations at
1, 2, and 3 hours after feeding (Gabbe et al., 1982).

Inulin, Oligofructose, and Fructooligosaccharides

Laxation. A few studies have demonstrated an increase in fecal bulk
and increased stool frequency upon the ingestion of inulin or oligofructose.
Fecal weight was increased after consuming 15 g/d of inulin or oligo-
fructose (Gibson et al., 1995), and inulin (20 to 40 g/d) was shown to
reduce constipation (Kleessen et al., 1997). A multicenter trial was
conducted to test whether fructooligosaccharides worsen gastrointestinal
symptoms in people with irritable bowel syndrome (Olesen and Gudmand-
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Høyer, 2000). After 2 to 6 weeks of treatment with 20 g/d of fructo-
oligosaccharides or placebo, symptoms of irritable bowel syndrome
improved more in the placebo group than in the fructooligosaccharide
group; however, there was no difference between the groups after con-
tinuous treatment for 12 weeks.

Normalization of Blood Lipid Concentrations. Studies on the effect of
inulin or oligofructose ingestion on plasma lipid concentrations have
provided mixed results. Significant reductions in plasma triacylglycerol
concentrations occurred with the intake of 10 g/d of inulin, particularly in
those individuals with a baseline triacylglycerol concentration greater than
1.5 mmol/L (Jackson et al., 1999). The ingestion of 9 g/d of inulin signifi-
cantly reduced plasma total cholesterol and triacylglycerol concentrations
in young men (Brighenti et al., 1999). Nonsignificant changes in plasma
total or high density lipoprotein (HDL) cholesterol and triacylglycerol
concentrations were reported for individuals consuming 14 g/d of inulin
(Pedersen et al., 1997) or 20 g/d of fructooligosaccharide (Luo et al.,
1996). In young, healthy males, 15 g/d of nondigestible oligosaccharides
(inulin or fructooligosaccharides) did not decrease blood lipids or affect
glucose absorption compared to controls (van Dokkum et al., 1999).

Attenuation of Blood Glucose Responses. A placebo-controlled parallel
study showed that a daily intake of 10 g of inulin significantly reduced
fasting insulin concentrations (Jackson et al., 1999). Fasting blood glucose
concentrations were significantly reduced by 15 mg/dL in type 2 diabetics
who were fed 8 g/d of fructooligosaccharides (Yamashita et al., 1984).
Daily intake of 20 g of fructooligosaccharides significantly decreased basal
hepatic glucose production (Luo et al., 1996). No difference, however, was
observed in the incremental area under the curve for glucose when indi-
viduals were fed 50 g of a rice-based cereal containing 0 or 9 g of inulin
(Brighenti et al., 1999).

Other Potential Physiological Effects. An important effect of inulin intake
is considered to be the production of Bifidobacteria. Bifidobacteria contain
high amounts of β-fructosidase, which are specific for the β-(1,2) bond
present in inulin and oligofructose. A number of studies in humans have
shown that the ingestion of fructooligosaccharides leads to an increase in
fecal Bifidobacteria (Bouhnik et al., 1996, 1999; Buddington et al., 1996;
Tuohy et al., 2001; Williams et al., 1994). Bifidobacteria have been shown to
promote beneficial health effects in animals (Grizard and Barthomeuf,
1999); however, potential beneficial effects in humans are not well
understood.
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Oat Products and β-Glucans

Laxation. Extracted β-glucans are highly fermentable and therefore
their contribution to fecal bulk is minimal (McBurney, 1991). This may
contribute, in part, to the lack of an effect in preventing constipation. Oat
bran increases stool weight by supplying rapidly fermented viscous fiber to
the proximal colon for bacterial growth (Chen et al., 1998).

Normalization of Blood Lipid Concentrations. In one study, oat gum
supplementation (9 g/d of β-glucan) did not significantly decrease serum
total cholesterol concentration compared to the placebo, leading the
authors to conclude that the cholesterol-lowering capacity of oat gum in
healthy young men is weak (Beer et al., 1995). In contrast, when hyper-
cholesterolemic individuals were fed oat gum providing 5.8 g/d of β-glucan
or a maltodextrin placebo for 4 weeks, mean total and LDL cholesterol
concentrations decreased throughout the oat gum phase, and both con-
centrations were reduced 9 percent relative to initial values (Braaten et al.,
1994b). In a larger study, adults with multiple risk factors and LDL choles-
terol concentrations above 4.14 mmol/L or between 3.37 and 4.14 mmol/L
were randomized to one of seven groups to receive either oatmeal or oat
bran at various levels or a placebo control (Davidson et al., 1991). There
was a dose-dependent reduction in LDL cholesterol concentrations with
the oat cereals. However, when a modest level of β-glucan (3 g/d) was
provided to 62 healthy adults with mild to moderate hyperlipidemia, there
was no significant reduction in plasma total or LDL cholesterol concentra-
tions (Lovegrove et al., 2000).

Oat bran concentrate has been incorporated into bread products. The
long-term effects of such products were tested in men with type 2 diabetes
(Pick et al., 1996). Total plasma and LDL cholesterol concentrations were
lower in the oat bran concentrate period (9 g/d of viscous fiber) than in
the white bread period.

Attenuation of Blood Glucose Responses. In one study, individuals with
type 2 diabetes were fed meals containing wheat farina, wheat farina with
oat gum, or oat bran (Braaten et al., 1994a). Both the oat bran and wheat
farina with oat gum meals reduced the postprandial rise in plasma glucose
and insulin concentrations compared to the wheat farina meal without the
oat gum. This is an example of the extracted form of oat bran (Functional
Fiber) having a similar effect to the native form (Dietary Fiber). Oat gum has
also been compared to guar gum with respect to glucose and insulin
responses after an oral glucose load in healthy, fasting individuals (Braaten
et al., 1991). In this study, the glucose and insulin responses to the oat and
guar gum meals were nearly identical. In addition, both gum meals
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resulted in increases in plasma glucose and insulin concentrations that
were lower than glucose alone (p < 0.01). Hallfrisch and colleagues (1995)
studied glucose responses in 16 women and 7 men with moderately high
cholesterol concentrations who supplemented their normal diets with oat
extracts in which either 1 or 10 percent viscous β-glucans were added.
Glucose responses were reduced at both the 1 and 10 percent β-glucan
supplementation level.

Pectin

Laxation. In a meta-analysis of approximately 100 studies on stool
weight changes with various fiber sources, investigators were able to calcu-
late the increase in fecal weight due to fiber ingestion (Cummings, 1993).
This meta-analysis concluded that pectin ingestion leads to an increase of
about 1.3 g of stool/g of pectin as compared to 5.4 g/g produced from
wheat bran, suggesting that pectin is not an important fecal bulking agent
(Cummings, 1993). In a randomized crossover study designed to compare
the effects of pectin (12 g/d), cellulose (15 g/d), and lignin (12 g/d) on
stool characteristics in healthy volunteers, pectin did not alter transit time
or increase 24-hour stool wet weight, whereas cellulose decreased mean
stool transit time and increased mean wet stool weight (Hillman et al.,
1983).

Normalization of Blood Lipid Concentrations. Pectin has been tested in a
number of studies for its hypocholesterolemic effect. For example, in
a 16-week, double-blind crossover study, grapefruit pectin supplementa-
tion decreased plasma cholesterol concentration by 7.6 percent and
LDL cholesterol concentration by 10.8 percent in individuals at moderate
to high risk of coronary heart disease (Cerda et al., 1988). When 12 g/d of
pectin was taken with meals for 3 weeks, there was a mean decrease in total
serum cholesterol concentration of 0.48 ± 0.18 mmol/L (Durrington et
al., 1976). This decrease was mainly due to a reduction in LDL cholesterol
concentration. When 15 g/d of citrus pectin was provided in metabolically
controlled diets for 3 weeks, plasma cholesterol concentrations were
reduced by 13 percent and fecal fat excretion increased by 44 percent;
however, plasma triacylglycerol concentrations did not change (Kay and
Truswell, 1977). Gold and coworkers (1980) did not observe reductions in
serum cholesterol concentrations following the consumption of 10 g of
pectin with 100 g of glucose. The consumption of 7.2 g/d of psyllium that
had been added to foods did not result in a significant decrease in LDL
cholesterol concentration. However, total cholesterol and triacylglycerol
concentrations were significantly decreased (Jenkins et al., 2002).
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There is some documentation that the hypocholesterolemic effects of
pectin are due to increased excretion of bile acids and cholesterol. Supple-
mentation with 15 g of pectin increased bile acid excretion by 35 percent
and net cholesterol excretion by 14 percent in ileostomy patients, whereas
16 g of wheat bran produced no significant changes (Bosaeus et al., 1986).

Attenuation of Blood Glucose Responses. Viscous fibers such as pectin have
been found to produce a significant reduction in glycemic response in 33
of 50 studies (66 percent) (Wolever and Jenkins, 1993). This is in contrast
to only 3 of 14 studies with insoluble fiber (21 percent).

Polydextrose

Laxation. Polydextrose has been shown to increase fecal mass and
sometimes stool frequency. Tomlin and Read (1988) showed that 30 g/d
of polydextrose increased fecal mass without affecting transit time and
stool frequency. Achour and coworkers (1994) observed no significant
changes in fecal weight or transit time when seven men consumed 30 g/d
of polydextrose. When 4, 8, or 12 g/d of polydextrose was provided, fecal
weight increased and ease and frequency of defecation improved in a
dose–response manner (Jie et al., 2000).

Findings on the effect of polydextrose intake on fecal bacterial pro-
duction are mixed. Achour and colleagues (1994) reported no changes in
bacterial mass in the feces of individuals who consumed 30 g/d of poly-
dextrose. This lack of difference may be explained, in part, by the findings
of Jie and coworkers (2000). Following the ingestion of 4, 8, or 12 g/d of
polydextrose (n = 30 treatment), there was a dose-dependent decrease in
Bacteriodes, whereas the beneficial Lactobacillus and Bifidobacteria species
increased.

Normalization of Blood Lipid Concentrations. Sixty-one healthy volunteers
received 15 g/d of polydextrose for 2 months. Serum concentrations of
total cholesterol, triacylglycerols, and LDL cholesterol did not change dur-
ing this period; however, concentrations of HDL cholesterol decreased
(Saku et al., 1991).

Psyllium

Laxation. Psyllium is the active ingredient in laxatives, and thus from
an over-the-counter drug viewpoint, there is extensive literature on its effi-
cacy in this regard. After 8 weeks of psyllium treatment to patients with
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idiopathic constipation, both stool frequency and stool weight increased
significantly, stool consistency improved, and pain on defecation was
reduced (Ashraf et al., 1995). The authors concluded that the beneficial
effects of psyllium with regard to constipation are largely related to a facili-
tation of the defecatory process (Ashraf et al., 1995). Similarly, psyllium
was tested in a multisite study of 170 individuals with chronic idiopathic
constipation for 2 weeks (McRorie et al., 1998). Psyllium increased stool
water content, stool water weight, total stool output, bowel movement fre-
quency, and a score combining objective measures of constipation. Four
months of psyllium treatment significantly improved bowel function and
fecal output in 12 elderly patients (Burton and Manninen, 1982). In a
multicenter trial with 394 individuals, psyllium improved bowel function
better than other laxatives (mainly lactulose), with superior stool con-
sistency and decreased incidence of adverse events (Dettmar and Sykes,
1998). Prior and Whorwell (1987) tested psyllium (ispaghula husk) in
80 patients with irritable bowel syndrome and found that constipation was
significantly improved and transit time decreased in patients taking psyllium.

Normalization of Blood Lipid Concentrations. A number of studies have
been conducted to ascertain the beneficial effects of psyllium on blood
lipid concentrations. Several of these studies provided 10.2 g/d of psyllium
for up to 26 weeks and all showed marked reductions in serum total and
LDL cholesterol concentrations compared to cellulose (Anderson et al.,
1988, 1999, 2000b; Levin et al., 1990). The dose–response effect of psyllium
at 0, 3.4, 6.8, or 10.2 g/d was tested in a double-blind controlled study
in 286 adults with LDL cholesterol concentrations between 3.36 and
5.68 mmol/L (Davidson et al., 1998). The effects of 10.2 g/d of psyllium
seed husk on serum LDL cholesterol concentrations were modest, with
levels 5.3 percent below that of the control group at week 24 (p < 0.05).

In a 3-week intervention with 21 g/d of psyllium (n = 7), plasma total,
LDL, and HDL cholesterol concentrations were significantly reduced
(Abraham and Mehta, 1988). Psyllium decreased plasma concentrations
of total cholesterol by 5.6 percent and LDL cholesterol by 8.6 percent;
concentrations were unchanged in the cellulose group. Serum cholesterol
concentration was reduced by 20 percent in 12 elderly patients receiving
psyllium supplementation (Burton and Manninen, 1982). In a large,
multicenter trial conducted in the United Kingdom, 7 or 10.5 g/d of
psyllium was provided to 340 patients with mild to moderate hypercholes-
terolemia over 12 weeks (MacMahon and Carless, 1998). After 12 weeks,
LDL cholesterol concentrations decreased by 8.7 percent for the 7-g/d
group and 9.7 percent for the 10.5-g/d group. After a 6-month follow-up
period, psyllium combined with diet modification was shown to reduce
LDL cholesterol concentrations by 10.6 to 13.2 percent and total choles-
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terol concentrations by 7.7 to 8.9 percent (MacMahon and Carless, 1998).
Danielsson and coworkers (1979) treated 13 patients with essential hyper-
lipoproteinemia over 2 to 29 months with psyllium hydrophilic colloid.
Serum cholesterol and triacylglycerol concentrations were reduced an
average of 16.9 and 52.0 percent, respectively. If blood lipid concentra-
tions were normal at baseline, no reductions were observed when indi-
viduals consumed psyllium colloid (Danielsson et al., 1979).

Studies also have been conducted using a ready-to-eat cereal enriched
with psyllium. Hypercholesterolemic individuals consuming 114 g/d of a
psyllium-flake cereal for 6 weeks showed significantly lower serum total
and LDL cholesterol concentrations than those consuming the same
amount of wheat-bran flake cereal (Anderson et al., 1992b). Similarly, Bell
and coworkers (1990) tested the cholesterol-lowering effects of viscous
fiber (psyllium or pectin) cereals as part of a diet in 58 men with mild to
moderate hypercholesterolemia. During the cereal-plus-diet phase of the
study, total and LDL cholesterol concentrations in the psyllium-enriched
cereal group decreased by 5.9 and 5.7 percent, respectively.

A meta-analysis was conducted to determine the effect of consump-
tion of psyllium-enriched cereal products on blood lipid concentrations in
404 adults with mild to moderate hypercholesterolemia consuming a low
fat diet (Olson et al., 1997). Compared to the control cereals, individuals
who consumed psyllium cereals had lower total and LDL cholesterol con-
centrations, whereas HDL cholesterol concentrations were not affected.
Anderson and coworkers (2000a) conducted a meta-analysis of eight con-
trolled trials to define the hypolipidemic effects of psyllium when used in
combination with a low fat diet in hypercholesterolemic men and women.
There were a total of 384 individuals receiving psyllium in the eight studies
covered by the meta-analysis and these individuals were compared to those
consuming cellulose (n = 272). Consumption of 10.2 g/d of psyllium
(n = 384) lowered serum total cholesterol by 4 percent and serum LDL
cholesterol by 7 percent, relative to the cellulose control (n = 272).

Everson and colleagues (1992) evaluated the mechanisms of the
hypocholesterolemic effect of psyllium by measuring intestinal cholesterol
absorption, cholesterol synthesis in isolated peripheral blood mononuclear
cells, bile acid kinetics, gallbladder motility, and intestinal transit. The
researchers concluded that psyllium decreases LDL cholesterol concentra-
tions mainly by the stimulation of bile acid production.

Attenuation of Blood Glucose Responses. In an 8-week intervention study
in 34 men with type 2 diabetes and hypercholesterolemia consuming either
10.2 g/d of psyllium or cellulose, daily and postlunch postprandial glucose
concentration were 11.0 and 19.2 percent lower, respectively, in the
psyllium group (Anderson et al., 1999). Also, psyllium has been shown to
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reduce the glycemic index of foods when added to a meal (Frati-Munari et
al., 1998). The effect of psyllium or placebo on postprandial serum glucose
and insulin concentrations was tested in 18 type 2 diabetic patients in a
crossover design (Pastors et al., 1991). Compared to placebo, postprandial
glucose elevation was reduced by 14 percent at breakfast and 20 percent at
dinner, and postprandial serum insulin concentration was reduced by
12 percent after breakfast. However, this depression of the normal post-
prandial increase in serum glucose and insulin concentrations seen with
psyllium does not appear to be due to a delay in gastric emptying (Rigaud
et al., 1998).

Resistant Dextrins

Laxation. There are no human studies to support a laxative benefit
from ingestion of indigestible dextrins.

Normalization of Blood Lipid Concentrations. The intake of 60 g/d of
resistant maltodextrin was shown to reduce serum total cholesterol and
triacylglycerol concentrations in type 2 diabetics as compared with type 2
diabetics or healthy adults who consumed 30 g/d of resistant maltodextrin
(Ohkuma and Wakabayashi, 2001). No difference was observed in the con-
centration of HDL cholesterol.

Attenuation of Blood Glucose Responses. Reduced blood glucose concen-
trations and insulin secretion were observed when rats were given resistant
maltodextrins after sucrose or maltose loading (Wakabayashi et al., 1993,
1995). Furthermore, an intake of 5 g of resistant maltodextrin reduced the
postprandial blood glucose concentrations in healthy men and women
(Tokunaga and Matsuoka, 1999). The ingestion of 60 g/d, but not 30 g/d,
of resistant maltodextrin resulted in a significant reduction of fasting blood
glucose concentrations in type 2 diabetics (Ohkuma and Wakabayashi,
2001).

Resistant Starch

Laxation. Increased fecal bulk due to increased starch intake has been
reported (Shetty and Kurpad, 1986). The impact of resistant starch (RS3)
from a corn-based cereal on colonic function was measured in eight male
volunteers (Tomlin and Read, 1990). After consuming 10.33 g/d of RS3
for 1 week, there was no significant difference in fecal output, stool fre-
quency, ease of defecation, whole-gut transit time, or degree of flatulence
compared to an intake of 0.86 g/d of RS3 from a rice-based cereal. A
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significant increase in stool weight, however, was observed when men
consumed 32 g/d RS3 for 4 weeks (Heijnen et al., 1998). Jenkins and
coworkers (1998) determined the effects of low fiber (control), wheat bran
supplements providing an additional 30 g of fiber (high fiber control), or
the equivalent amount of resistant starch as RS2 or RS3. Compared to the
low fiber control, the wheat bran supplement increased fecal bulk by
96 ± 14 g/d (p < 0.001) and the mean for both resistant starches was
22 ± 8 g/d greater than controls (p = 0.013). This is consistent with the
small increase in fecal bulk seen with resistant starch intake in other studies
(Behall and Howe, 1996; Cummings et al., 1996; Heijnen et al., 1998;
Hylla et al., 1998; Phillips et al., 1995).

Because resistant starch is partly fermented in the colon, intake may
lead to increased production of short-chain fatty acids. When 39 g/d of a
mixture of naturally occurring and processed resistant starch was consumed,
there was a significant increase in fecal butyrate and acetate concentra-
tions, and therefore a significant reduction in fecal pH (Phillips et al.,
1995). However, when glucose or 32 g/d of RS3 was consumed for 4 weeks,
there was no difference in fecal pH, fecal short-chain fatty acid concentra-
tions, or fecal secondary bile acid concentrations (Heijnen et al., 1998).

Normalization of Blood Lipid Concentrations. Several animal studies have
demonstrated a lowering of blood cholesterol and triacylglycerol concen-
trations with resistant starch intake (de Deckere et al., 1993; Ranhotra et
al., 1997; Younes et al., 1995). When healthy, normolipidemic individuals
were given glucose or 30 g/d of RS3 supplements for 3 weeks, there were
no significant differences in fasting serum total, LDL, and HDL cholesterol
concentrations or triacylglycerol concentrations (Heijnen et al., 1996).
Resistant starch does not appear to provide the cholesterol-lowering effects
of viscous fiber, but rather acts more like nonviscous fiber (Jenkins et al.,
1998). Neither Jenkins and coworkers (1998) nor Heijnen and coworkers
(1996) showed a lowering effect of resistant starch on serum lipids.

Attenuation of Blood Glucose Responses. Adding resistant starch to bread
at various levels (0, 5, 10, and 20 percent) was shown to reduce the glycemic
index in a dose-dependent manner (100, 96, 74, and 53) (Brown et al.,
1995). The consumption of 30 g/d of RS3 was shown to significantly reduce
the urinary excretion of C-peptide, indicating reduced insulin secretion
(de Roos et al., 1995).

Clinical Effects of Inadequate Intake

Dietary and Functional Fibers are not essential nutrients, so inadequate
intakes do not result in biochemical or clinical symptoms of a deficiency. A
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lack of these fibers in the diet, however, can result in inadequate fecal bulk
and may detract from optimal health in a variety of different ways depend-
ing on other factors, such as the rest of the diet and the stage of the life
cycle.

EVIDENCE CONSIDERED FOR ESTIMATING THE
REQUIREMENT FOR DIETARY FIBER AND FUNCTIONAL FIBER

There is no biochemical assay that reflects Dietary Fiber or Functional
Fiber nutritional status. Clearly one cannot measure blood fiber concentra-
tion since, by definition, fiber is not absorbed. Instead, the potential health
benefits of fiber consumption, which may be compromised by a lack of
fiber in the diet, have been reviewed. Throughout each section and the
discussion of each indicator, a delineation is made between Dietary Fiber
and Functional Fiber. It should be kept in mind that although high Dietary
Fiber intake is associated with decreased risk or improvements in several
chronic diseases, a report of the National Academy of Sciences states “there
is no conclusive evidence that it is dietary fiber rather than the other
components of vegetables, fruits, and cereal products that reduces the risk
of those diseases” (NRC, 1989). The definition of Dietary Fiber in this report
states that it must be “intrinsic and intact in plants.” Thus, the reported
benefits are due to the fiber source, not necessarily to the fiber per se. In
contrast, Functional Fiber (which consists of isolated, nondigestible carbo-
hydrates that have beneficial physiological effects in humans), by defini-
tion, must show that the beneficial physiological effect in humans is due to
the isolated or synthesized fiber itself.

A number of epidemiological studies have been conducted to evaluate
the relationship between fiber intake and risk of chronic disease. While
Functional Fibers, such as pectins and gums, are added to foods as ingredi-
ents, these levels are minimal and therefore fiber intakes that are estimated
from food composition tables generally represent Dietary Fiber.

Dietary Fiber, Functional Fiber, and the Prevention of
Hyperlipidemia, Hypertension, and Coronary Heart Disease

Epidemiological Studies

There are no epidemiological studies that have evaluated the relation-
ship between Functional Fiber and the risk of coronary heart disease (CHD).
A number of epidemiological studies, however, have found reduced CHD
rates in individuals consuming high amounts of Dietary Fiber and fiber-rich
foods (Bolton-Smith et al., 1992; Fraser et al., 1992; Humble et al., 1993;
Jacobs et al., 1998; Khaw and Barrett-Connor, 1987; Kushi et al., 1985;
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Morris et al., 1977; Pietinen et al., 1996; Rimm et al., 1996; Todd et al.,
1999; Wolk et al., 1999). For example, Fraser and colleagues (1992)
reported that in a cohort of 31,208 California Seventh-day Adventists, there
was a 44 percent reduced risk of nonfatal CHD and an 11 percent reduced
risk of fatal CHD for those who ate whole wheat bread compared with
those who ate white bread. In the Iowa Women’s Health Study, Jacobs and
coworkers (1998) found that the risk of CHD death was reduced by
approximately one-third for women consuming one or more servings of a
whole grain product each day compared with those rarely eating any whole
grain products. Similarly, Morris and coworkers (1977) followed 337 men
in London, England for 10 to 20 years and found that men with a high
intake of cereal fiber had a lower rate of CHD than men with a low cereal
fiber intake.

In the Health Professionals Follow-up Study, the relative risk for fatal
coronary disease and total myocardial infarction were 0.45 and 0.59,
respectively, for men in the highest quintile of Dietary Fiber intake (28.9 g/d)
compared with the lowest quintile (12.4 g/d) (Rimm et al., 1996)
(Table 7-2). Cereal fiber was more strongly associated with the reduced
risk of CHD than were fiber from fruits and vegetables. Wolk and coworkers
(1999) examined the relationship between intake of Dietary Fiber and risk
of CHD in the Nurses’ Health Study and found a significant inverse asso-
ciation, which was confined to Dietary Fiber from cereal sources (Table 7-2).
Compared with the lowest quintile of cereal fiber intake (2.2 g/d), women
in the highest quintile (7.7 g/d) had a 34 percent lower risk of total CHD.
In a large cohort of 21,930 Finnish men, there was a significant inverse
association between Dietary Fiber intake and CHD, with a multivariate rela-
tive risk of 0.84 for men in the highest quintile of intake (34.8 g/d) com-
pared with the lowest quintile of intake (16.1 g/d) (Pietinen et al., 1996)
(Table 7-2).

In summary, the large-scale, adequately powered, prospective studies
all show a substantial protective effect of Dietary Fiber for CHD. Specifically,
these three studies—which used multivariate models to control for energy,
saturated fat, alcohol, body mass index, and various vitamins—showed a
strong relationship between cereal fibers and a weak or no relationship
between vegetable and fruit fibers. In terms of setting intake recommenda-
tions and actual numbers as a primary determinant of fiber requirements,
these studies are most useful as they are adequately powered, divide Dietary
Fiber into quintiles of intake, and provide data on energy intake (Pietinen
et al., 1996; Rimm et al., 1996; Wolk et al., 1999). Using these studies, it is
also possible to relate the number of grams of Dietary Fiber per day to the
decrease in CHD incidence.

Although not reporting quintiles of intake, a fourth study by Khaw
and Barrett-Connor (1987) can be considered because it showed that an
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TABLE 7-2 Prospective Cohort Studies on Dietary Fiber Intake
and Risk of Coronary Heart Disease (CHD)

Relative Risk
Reference Study Design Quintile for CHD

Pietinen et al., 21,930 Finnish 1 1.00
1996 men, 50–69 y 2 0.91

6-y follow-up 3 0.88
4 0.86
5 0.84

p for trend =
0.03

Rimm et al., 43,757 U.S. 1 1.00
1996 men, 40–75 y 2 0.97

6-y follow-up 3 0.91
4 0.87
5 0.59

p for trend <
 0.001

Wolk et al., 68,782 U.S. 1 1.00
1999 women, 37–64 y 2 0.98

10-y follow-up 3 0.92
4 0.87
5 0.77

p for trend =
0.07

a Dietary Fiber intake is energy-adjusted to 2,000 kcals.
b Dietary Fiber intake is energy-adjusted to 1,600 kcals.

increased intake of 6 g/d of Dietary Fiber was associated with a 33 percent
risk reduction for CHD in women and 24 percent in men, and the reduc-
tion in CHD mortality was independent of other dietary variables. The
Health Professionals Follow-up Study reported a 19 percent decrease in
risk for total myocardial infarction per 10-g/d increase of Dietary Fiber and
a 29 percent decrease per 10-g/d increase of cereal fiber (Rimm et al.,
1996). A similar result for women was reported by Wolk and coworkers
(1999) with a 19 percent decrease in risk for total CHD events per 10-g/d
increase of Dietary Fiber, but a stronger relationship was reported for cereal
fiber (37 percent decrease per 5-g/d increase).
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Intervention Trials

There have been a large number of intervention trials to ascertain
whether fiber supplementation can alter blood lipid concentrations and
therefore alter the risk of CHD. These trials are briefly summarized below.
All but one are small trials; often these interventions are performed in
people with high initial serum cholesterol concentrations. The strongest
data are for oat products and beans (Dietary Fiber). In addition, viscous
Functional Fibers such as guar, pectin, and psyllium, have been tested in
intervention trials and found to decrease serum total and low density lipo-
protein (LDL) cholesterol concentration in most studies. For example,

Dietary Fiber Energy Intake Grams of Dietary Fiber/
Intake (g/d)  (kcal/d) 1,000 kcal

16.1 2,722 5.9
20.7 2,787 7.4
24.3 2,781 8.7
28.3 2,754 10.3
34.8 2,705 12.9

12.4 2,000a 6.2
16.6 2,000 8.3
19.6 2,000 9.8
23.0 2,000 11.5
28.9 2,000 14.45

11.5 1,600b 7.2
14.3 1,600 8.9
16.4 1,600 10.25
18.8 1,600 11.75
22.9 1,600 14.31
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Anderson and coworkers (1984b) compared the effects of oat bran or
bean supplementation on 20 hypercholesterolemic adult males, providing
approximately 47 g/d of plant Dietary Fiber and 17 g/d of viscous Dietary
Fiber. Both the oat bran and bean diets significantly decreased serum total
cholesterol concentrations by 19 percent. In a similar metabolic ward study
of 10 hypercholesterolemic men, oat bran and bean diets decreased both
serum total and LDL cholesterol concentrations by 23 percent after
3 weeks on the test diets (Anderson et al., 1984a). A review of the oat bran
and bean fiber intervention trials where Dietary Fiber supplementation was
combined with a low fat diet shows that reductions in serum total choles-
terol concentrations ranged from 8 to 26 percent (Anderson and
Gustafson, 1988; Anderson et al., 1984a, 1984b; Judd and Truswell, 1981;
Kirby et al., 1981). Smaller portions of oat bran or oat meal (60 g, dry
measure) have been shown to decrease serum total cholesterol concentra-
tions by approximately 8 to 11 percent (Bartram et al., 1992; Van Horn et
al., 1986).

Other viscous fibers, in addition to those from oats and beans, have
also been shown to decrease serum cholesterol concentrations. For
example, Jenkins and coworkers (1975) reported the hypocholesterolemic
effect of guar gum (Functional Fiber), which is often added to foods. Since
that time, there have been a number of studies with guar gum supplemen-
tation that resulted in a reduction in serum cholesterol concentrations of
between 11 and 15 percent (Anderson and Tietyen-Clark, 1986). In a 3-week
intervention that provided 21 g/d of psyllium, total, LDL, and high density
lipoprotein cholesterol concentrations were all significantly reduced
(Abraham and Mehta, 1988). A meta-analysis testing the effects of pectin,
oat bran, guar gum, and psyllium on blood lipid concentrations showed
that 2 to 10 g/d of viscous fiber were associated with small but significant
decreases in total and LDL cholesterol concentrations (Brown et al., 1999).
The different viscous fibers reduced serum total and LDL cholesterol
concentrations by similar amounts. Resistant starch does not appear to
provide the cholesterol-lowering effects of viscous fibers, but rather acts
more like nonviscous fibers (Jenkins et al., 1998). Neither Heijnen and
coworkers (1996) nor Jenkins and coworkers (1998) showed a lipid-lowering
effect of resistant starch on serum lipid concentrations.

It should also be noted that the effect of fiber on decreasing serum
cholesterol concentration is not due to its replacement of fat in the diet.
In a prospective, randomized, controlled trial with a low fat and a low fat
plus high Dietary Fiber groups, the group consuming high Dietary Fiber
exhibited a greater average reduction (13 percent) in serum total
cholesterol concentration than the low fat (9 percent) and the usual diet
(7 percent) groups (Anderson et al., 1992a). Mathur and coworkers (1968)
conducted a study in 20 men supplemented with Bengal gram. Serum
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total cholesterol concentrations averaged 23 percent lower on the high
fat, Bengal gram diet than on the high fat diet alone.

Not all fibers decrease serum cholesterol concentration. For example,
Anderson and coworkers (1991) randomly allocated 20 hypercholesterolemic
men to either a wheat bran or oat bran diet. After 21 days, oat bran signifi-
cantly decreased serum total cholesterol concentration by 12.8 percent;
however, there was no effect with wheat bran. Behall (1990) compared a
low fiber diet with a diet containing an average of 19.5 g/d of added
cellulose (a nonviscous fiber) or the viscous fibers carboxymethylcellulose
gum, karaya gum, or locust bean gum. The diets containing the viscous
fibers led to significantly lower plasma cholesterol concentrations. Although
these relatively small-scale intervention trials using viscous Functional Fibers
have reported substantial cholesterol-lowering effects and therefore should
be protective against CHD, no protective effect against CHD was seen in a
large-scale clinical trial with individuals who had a previous myocardial
infarction (Burr et al., 1989). These individuals were encouraged to
increase grain fiber intake by increasing consumption of whole meal bread,
high fiber breakfast cereals, and wheat bran, which resulted in an increased
grain fiber intake from 9 to 17 g/d in the intervention group. Wheat bran
and other poorly fermented fibers (e.g., cellulose) have also failed to
decrease serum lipids in animal studies. Increasing the intake of Dietary
Fiber by increasing the consumption of fruits and vegetables can attenuate
plasma triacylglycerol concentrations. Obarzanek and coworkers (2001)
showed that increasing Dietary Fiber intake from 11 to 30 g/d as a result of
increased consumption of fruits, vegetables, and whole grains prevented a
rise in plasma triacylglycerol concentrations in those fed a low fat diet,
especially in those individuals with initially high concentrations. Plasma
triacylglycerol concentrations were significantly reduced (Chandalia et al.,
2000) or unchanged (Lichtenstein et al., 2002) by increasing Dietary Fiber
intake when consuming a low fat diet. These studies suggest that Dietary
Fiber prevents the rise in plasma triacylglycerol concentrations that occurs
when consuming a low fat, high carbohydrate diet (see Chapter 11).

Summary of the Intervention Trials

Viscous Functional Fibers and foods sources of viscous Dietary Fiber reduce
both total and LDL cholesterol concentrations, and may also reduce serum
triglycerides. The amount of cholesterol reduction appears to be related
to the amount of fiber consumed, although only a few studies report dose–
response data. A meta-analysis of 20 trials that used high doses of oat bran,
which is rich in viscous Dietary Fiber, showed that the reductions in serum
cholesterol concentrations ranged from 0.1 to 2.5 percent/g of intake
(Ripsin et al., 1992). If one accepts the proposed 2 percent risk reduction
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for CHD for every 1 percent reduction in serum cholesterol (Lipid
Research Clinics Program, 1984), these results suggest substantial benefits
from consumption of high amounts of viscous Dietary and Functional Fibers
and support the epidemiological findings regarding fiber and CHD. It is
of interest to compare the hypothetical risk reduction for CHD per gram
of oat bran consumed (in the clinical intervention trials) to that for total
dietary fiber intake in the epidemiological studies. For example, in the oat
bran meta-analysis, using a 1.2 percent reduction in serum cholesterol per
gram of oat bran (the midpoint of the range of 0.1 to 2.5 percent) and
multiplying by 2 (proposed 2 percent reduction for risk of CHD for every
1 percent reduction in serum cholesterol) would suggest a reduced risk of
CHD of 2.4 percent/g of oat bran consumed. This can then be compared
with the data on total fiber consumption and risk for CHD in the three
primary epidemiological studies shown in Table 7-2.

In the Health Professionals Follow-Up Study (Rimm et al., 1996), there
is a difference of 16.5 g of fiber intake between the highest and lowest
intake groups (28.9–12.4), and a reported relative risk of 0.45 for fatal
coronary disease and 0.59 for total myocardial infarction for men in the
highest compared to the lowest quintile for fiber intake. This equates to a
risk reduction of 3.3 percent/g of fiber for fatal coronary disease and
2.5 percent/g of fiber for total myocardial infarction. In the Nurses’ Health
Study (Wolk et al., 1999) there is a difference of 11.4 g of fiber between
the highest and lowest intake groups (22.9–11.5) and a relative risk of 0.77
for total CHD. This equates to a risk reduction of 2.02 percent/g of fiber.
Finally, in a study of Finnish men (Pietinen et al., 1996), there is a differ-
ence of 18.7 g of fiber between the highest and lowest intake groups (34.8–
16.1) and a relative risk of 0.68 for coronary death. This equates to a risk
reduction of 1.71 percent/g of fiber.

Although the calculations above are hypothetical and are based on a
number of assumptions, (including the linearity of response of fiber con-
sumption to risk reduction), the finding that the degree of risk reductions
per gram of fiber consumed are within a reasonable range of each other
are suggestive that the results of the clinical trials for viscous fibers are
supportive of the epidemiological finding. It is also clear that the effect of
viscous fibers on decreasing blood cholesterol concentrations cannot
explain the multitude of studies cited above that generally show Dietary
Fiber to be protective against CHD, even though a mixed fiber diet is only
approximately one-third viscous fiber. This suggests that mechanisms in
addition to cholesterol-lowering may be involved.
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Mechanisms by Which Dietary Fibers May Protect Against CHD

While not explicit, several hypotheses exist to explain the mechanisms
by which Dietary Fiber may protect against CHD. The lowering of serum
cholesterol concentration by viscous Dietary or Functional Fibers is thought
to involve changes in cholesterol or bile acid absorption, hepatic produc-
tion of lipoproteins, or peripheral clearance of lipoproteins (Chen and
Anderson, 1986). Viscous fibers may interfere with the absorption and
enterohepatic recirculation of bile acids and cholesterol in the intestine,
forcing the liver to synthesize more cholesterol to meet the need for bile
acid synthesis, and thus decreasing circulating cholesterol. This cannot be
the sole explanation, however, since not all viscous fibers increase fecal
bile acid excretion, and the magnitude of the increase, when present, is
often small. In addition to delaying or interfering with the absorption of
cholesterol and bile acids, viscous fibers may delay the absorption of macro-
nutrients, including fat and carbohydrate. Delayed carbohydrate absorp-
tion, in turn, could lead to increased insulin sensitivity (Hallfrisch et al.,
1995) and decreased triacylglycerol concentrations (Rivellese et al., 1980),
also considered risk factors for CHD. Ascherio and coworkers (1992) have
shown a strong inverse association between Dietary Fiber intake and risk of
hypertension in men, with hypertension being an important risk factor for
CHD.

Diets high in Dietary Fiber also may favorably affect plasminogen activator
inhibitor type 1 and factor VII activity (Djoussé et al., 1998; Mennen et al.,
1997; Sundell and Ranby, 1993). In addition, a large number of studies
(described above) show whole-grain cereal products as being protective
against CHD. Whole grain cereals are also sources of phytochemicals, such
as phytate and phytoestrogens, which may independently impact CHD.

Summary

On the basis of the evidence provided on fiber intake and CHD,
certain sources of Dietary Fiber (cereal foods) and certain Functional Fibers
(viscous) are associated with reduced risk of CHD. In prospective popula-
tion studies, there is a strong relationship between Total Fiber intake from
foods and CHD. Therefore, a recommended intake level can be set for
Total Fiber based on prevention of CHD and recognizing that the greatest
benefit comes from the ingestion of cereal fibers and viscous Functional
Fibers, including gums and pectins. Further discussion is provided in the
later section, “Findings by Life Stage and Gender Group.”
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Fiber Intake and Gastrointestinal Health

Fiber Intake and Duodenal Ulcer

In a prospective cohort of 47,806 men with 138 newly diagnosed cases
of duodenal ulcer, Dietary Fibers, and particularly the viscous fibers, were
strongly associated with a decreased risk of duodenal ulcer (relative risk of
0.40 for the highest quintile of viscous fiber intake) (Aldoori et al., 1997).
In this study, fiber from fruit, vegetable, and leguminous sources, but not
cereal fiber, was associated with a reduced risk of duodenal ulcer. Although
the mechanism behind this proposed positive effect of viscous fibers on
duodenal ulcer is not known, one hypothesis is that the delay in gastric
emptying, known to result from the ingestion of viscous fibers, may play
a role.

Dietary Fiber, Functional Fiber, and Colon Health

Constipation, Laxation, and the Contribution of Fiber to Fecal Weight. Con-
sumption of certain Dietary and Functional Fibers is known to improve lax-
ation and ameliorate constipation (Burkitt et al., 1972; Cummings et al.,
1978; Kelsay et al., 1978; Lupton et al., 1993). In most reports there is a
strong positive correlation between intake of Dietary Fiber and daily fecal
weight (Birkett et al., 1997). Also, Dietary Fiber intake is usually negatively
correlated with transit time (Birkett et al., 1997). Although what consti-
tutes “constipation” is variously defined, diets that increase the number of
bowel movements per day, improve the ease with which a stool is passed,
or increase fecal bulk are considered to be of benefit. For example, in a
weight-loss study, obese individuals were put on a very low energy diet with
or without 30 g/d of isolated plant fiber (Astrup et al., 1990). Those
receiving the fiber supplement had a higher number of bowel movements
per day (1.0) compared to those not receiving the fiber supplement (0.7/d).
Not all reports, however, support the concept that fiber serves as a laxative
(Cameron et al., 1996; Kochen et al., 1985). Because water is also impor-
tant for laxation, some have suggested that increasing fiber intake alone is
not sufficient, and that more water should be consumed as well (Anti et
al., 1998). Determining a stool weight that might promote laxation and
ameliorate constipation is very difficult. In one study, although fecal weight
ranged from 41 to 340 g and transit time ranged from 22 to 123 hours, no
subject reported suffering either constipation or diarrhea (Birkett et al.,
1997). At the same time, a number of studies have shown that low fiber
intake is associated with constipation. For example, Morais and coworkers
(1999) reported that children with chronic constipation had lower Dietary
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Fiber intake than the control group. The authors concluded that a low
intake of fiber is a risk factor for chronic constipation in children.

In a meta-analysis of about 100 studies of stool-weight changes with
various fiber sources, investigators were able to calculate the increase in
fecal weight due to Dietary or Functional Fiber ingestion (Cummings, 1993).
Such calculations yielded the following increases in fecal weight: 5.4 g of
stool/g of wheat-bran fiber, 4.9 g/g of fruits and vegetables, 3 g/g of
isolated cellulose, and 1.3 g/g of isolated pectin (Cummings, 1993). The
contribution of resistant starch to fecal bulk has also been assessed. For
example, Jenkins and colleagues (1998) determined the bulking effects of
wheat bran supplements (30 g) or the equivalent amount as resistant starch
(RS2 or RS3). Compared to the low fiber control, the wheat bran supple-
ment increased fecal bulk by 96 ± 14 g/d (p < 0.001) and the mean for
both resistant starches was 22 ± 8 g/d greater (p = 0.013). This is consistent
with the small increase in fecal bulk seen with resistant starch intake in
other studies (Behall and Howe, 1996; Cummings et al., 1996; Heijnen et
al., 1998; Hylla et al., 1998; Phillips et al., 1995). Additional discussion of
the effects of Functional Fibers, such as psyllium, is included in the earlier
section, “Physiological Effects of Isolated and Synthetic Fibers.”

Fiber Fermentation Products as an Energy Source for the Colon. Butyrate is
the primary energy source for the colonocyte (Roediger, 1982). One study
showed high acetate and low butyrate ratios of short-chain fatty acids in
patients with adenomatous polyps and colon cancer (Weaver et al., 1988).
Increased fecal butyrate outputs have been demonstrated using both whole
food and commercial sources of resistant starch in some studies (Jenkins
et al., 1998; Macfarlane and Englyst, 1986; Phillips et al., 1995; Silvester et
al., 1995), but not in others (Heijnen et al., 1998; Hylla et al., 1998). It has
been proposed that colonic diseases, including ulcerative colitis, are dis-
orders of energy utilization (Roediger, 1980), although this remains an
unresolved issue.

Fiber and the Prevention of Diverticular Disease. Diverticular disease is
characterized by saccular herniations of the colonic wall and is highly
prevalent in elderly populations in Western societies (Watters and Smith,
1990). Although usually asymptomatic, when diverticula become inflamed,
the condition is known as diverticulitis. Current estimates for the North
American population indicate that one-third of those older than 45 years
and two-thirds of those older than 85 years have diverticular disease
(Roberts and Veidenheimer, 1990).

Several types of studies have shown a relationship between fiber intake
and diverticular disease. In the prospective Health Professionals Follow-
Up Study, there was a strong negative association between Dietary Fiber
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intake and the incidence of symptomatic diverticular disease (Aldoori et
al., 1994, 1995), which persisted after adjustment for several other risk
factors. The data showed that the inverse relationship was particularly
strong for the nonviscous Dietary Fiber, particularly cellulose (Aldoori et al.,
1998). Case-control studies have consistently found that patients with
diverticula consumed less Dietary Fiber than did nonpatients. For example,
Gear and coworkers (1979) reported on the prevalence of symptomless
diverticular disease in vegetarians and nonvegetarians in England. Twelve
percent of the vegetarians had diverticular disease compared with 33 per-
cent of the nonvegetarians. In addition, the vegetarians had a mean daily
Dietary Fiber intake of 41.5 g/d in comparison to 21.4 g/d for the non-
vegetarians. Similarly, Manousos and coworkers (1985) reported a lower
prevalence of diverticular disease in rural Greece compared with that
found in urban areas. In addition, those individuals with diverticular dis-
ease consumed fewer vegetables, brown bread, potatoes, and fruit. In an
intervention trial, Findlay and coworkers (1974) showed a protective effect
of unprocessed bran. In another study, Brodribb (1977) treated 18 patients
with diverticular disease by providing either a high fiber, bran-containing
bread (6.7 g) or ordinary wheat bread (0.6 g). Relief of symptoms was
significantly greater in the high fiber group compared with the low fiber
control group.

Although the mechanism by which fiber may be protective against
diverticular disease is unknown, several hypotheses have been proposed.
For example, some scientists report that it is due to decreased transit time,
increased stool weight, and decreased intracolonic pressure with fiber
supplementation (Cummings, 2000).

Summary and Conclusions. The majority of the studies cited above show
a relationship between Dietary Fiber and gastrointestinal health. There are
data that show the benefits of certain Dietary and Functional Fibers on gastro-
intestinal health, including the effect of fiber on duodenal ulcers, consti-
pation, laxation, fecal weight, energy source for the colon, and prevention
of diverticular disease. For duodenal ulcer and diverticular disease, the
data are promising for a protective effect, but insufficient data exist at this
time upon which to base a recommended intake level. It is clear that fiber
fermentation products provide energy for colonocytes and other cells of
the body, but again this is not sufficient to use as a basis for a recommen-
dation for fiber intake. With regard to the known fecal bulking and laxative
effects of certain fibers, these are very well documented in numerous
studies. A recommended intake level for Total Fiber based on prevention of
CHD should be sufficient to reduce constipation in most normal people
given adequacy of hydration of the large bowel.
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Dietary Fiber and the Prevention of Colon Cancer

Marked international differences in rates of colon cancer (Boyle et al.,
1985), coupled with findings from migratory studies showing that indi-
viduals take on the cancer demographics of the population to which they
move (Haenszel and Kurihara, 1968), have suggested a strong role for
environmental factors in colon cancer incidence.

Epidemiological Studies

Thun and coworkers (1992) found a significant inverse relation
between the intake of citrus fruits, vegetables, and high fiber grains and
colon cancer, although Dietary Fiber intake was not specifically analyzed.
Fuchs and colleagues (1999) prospectively examined the relationship
between Dietary Fiber intake and the risk of colon cancer in a large cohort
of women. The same study group found a minimal nonsignificant inverse
association in an earlier report that was based on 150 cases of colon cancer
reported during 6 years of follow-up (Willett et al., 1990). In addition, the
follow-up study revealed no relationship (Fuchs et al., 1999). Likewise, in
six large, prospective studies, inverse associations between Dietary Fiber
intake and the risk of colon cancer were weak or nonexistent (Giovannucci
et al., 1994; Heilbrun et al., 1989; Kato et al., 1997; Key et al., 1996; Pietinen
et al., 1999; Steinmetz et al., 1994).

Inverse relationships have been reported between Dietary Fiber intake
and risk of colon cancer in some case-control studies (Bidoli et al., 1992;
Dales et al., 1979; Freudenheim et al., 1990; Gerhardsson de Verdier et al.,
1990; Iscovich et al., 1992; Lyon et al., 1987; Modan et al., 1975; Tuyns et
al., 1987; West et al., 1989), but not all (Berta et al., 1985; Jain et al., 1980;
Macquart-Moulin et al., 1986). A critical review of 37 observational epide-
miological studies and a meta-analysis of 23 case-control studies showed
that the majority suggest that Dietary Fiber is protective against colon cancer,
with an odds ratio of 0.57 for the highest fiber group compared with the
lowest (Trock et al., 1990). Furthermore, a meta-analysis of case-control
studies demonstrated a combined relative risk of 0.53 for colon cancer in
the highest as compared with the lowest quintile of fiber intake (Howe et
al., 1992).

Lanza (1990) reviewed 48 epidemiological studies on the relationship
between diets containing Total Fiber and colon cancer and found that 38
reported an inverse relationship, 7 reported no association, and 3 reported
a direct association. In the Netherlands, Dietary Fiber intake was reported to
be inversely related to total cancer deaths, as the 10-year cancer death rate
was approximately threefold higher in individuals with low fiber intake
compared with high fiber intake (Kromhout et al., 1982). Despite these
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and other positive findings, a number of important studies (Fuchs et al.,
1999; Giovannucci and Willett, 1994) and three recent clinical interven-
tion trials (Alberts et al., 2000; Bonithon-Kopp et al., 2000; Schatzkin et al.,
2000) do not support a protective effect of Dietary Fiber intake against colon
cancer. This issue remains to be resolved.

Intervention Studies

There have been a number of small clinical interventions addressing
various surrogate markers for colon cancer, primarily changes in rectal
cell proliferation and polyp recurrence. Generally, the small intervention
trials have shown either no effect of fiber on the marker of choice or a very
small effect. For example, Alberts and coworkers (1990) supplemented
individuals with 13.5 g/d of wheat-bran fiber (Dietary Fiber) for 8 weeks and
analyzed rectal mucosa cell biopsies for changes in cell proliferation. There
was no overall decrease in rectal cell proliferation as a result of fiber supple-
mentation unless the groups were divided into those with initially high
and those with initially normal labeling indices. With this statistical division,
there was a significant decrease in cell proliferation as a result of the fiber
supplementation in six of the eight patients with initially high labeling
indices and three of the eight patients with initially low indices, which
suggests that wheat-bran fiber is protective against colon cancer. In a sepa-
rate trial from the same group, supplemental dietary wheat-bran fiber
(2.0 or 13.5 g/d) was provided to participants with a history of colon
adenoma resection (Alberts et al., 1997). Wheat-bran fiber did not reduce
the labeling index at either 3 or 9 months. Additionally, two randomized,
placebo-controlled trials found no significant reduction in the incidence
of colon tumor indicators among subjects who supplemented their diet
with wheat bran or consumed high fiber diets (MacLennan et al., 1995;
McKeown-Eyssen et al., 1994).

Recently, findings from three major trials on fiber and colonic polyp
recurrence were reported (Alberts et al., 2000; Bonithon-Kopp et al., 2000;
Schatzkin et al., 2000). All were well-designed, well-executed trials in indi-
viduals who previously had polyps removed. The Polyp Prevention Trial,
which incorporated eight clinical centers, included an intervention that
consisted of a diet that was low in fat, high in fiber, and high in fruits and
vegetables (Dietary Fiber) (Schatzkin et al., 2000). There was no difference
in polyp recurrence between the intervention and control groups. The
Arizona Wheat-bran Fiber Trial provided 13.5 g/d versus 2 g/d of wheat-
bran fiber (Dietary Fiber) (Alberts et al., 2000). Again, there was no differ-
ence between the control group and the intervention group in terms of
polyp recurrence. The third trial used 3.5 g/d of psyllium (ispaghula husk)
as the intervention (a potential Functional Fiber) (Bonithon-Kopp et al.,
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2000). The adjusted odds ratio for the psyllium fiber intervention on polyp
recurrence was 1.67 (p = 0.042).

Potential Mechanisms

Many hypotheses have been proposed as to how fiber might protect
against colon cancer development; these hypotheses have been tested
primarily in animal models. The hypotheses include the dilution of car-
cinogens, procarcinogens, and tumor promoters in a bulky stool; a more
rapid rate of transit through the colon with high fiber diets; a reduction in
the ratio of secondary bile acids to primary bile acids by acidifying colonic
contents; the production of butyrate from the fermentation of dietary fiber
by the colonic microflora; and the reduction of ammonia, which is known
to be toxic to cells (Harris and Ferguson, 1993; Jacobs, 1986; Klurfeld,
1992; Van Munster and Nagengast, 1993; Visek, 1978). Unfortunately, most
of the epidemiological and even the clinical intervention trials did not
measure functional aspects of potential mechanisms by which fiber may be
protective, and they did not attempt to relate aspects of colon physiology
such as fecal weight or transit time to a protective effect against tumor
development. Cummings and colleagues (1992) suggest that a daily fecal
weight greater than 150 g is protective against colon cancer. In a study by
Birkett and coworkers (1997), it was necessary to achieve a stool weight of
150 g to improve fecal markers for colon cancer, including fecal bulk,
primary to secondary bile acid ratios, fecal pH, ammonia, and transit time.
Dietary Fiber intake was 18 ± 8 g in the less than 150-g fecal-weight group
and 28 ± 9 g in the greater than 150-g group (p < 0.01).

Dietary Fiber Intake and Colonic Adenomas

People with colonic adenomas are at elevated risk of developing colon
cancer (Lev, 1990). Several epidemiological studies have reported that
high Dietary Fiber and low fat intakes are associated with a lower incidence
of colonic adenomas (Giovannucci et al., 1992; Hoff et al., 1986; Little et
al., 1993; Macquart-Moulin et al., 1987; Neugut et al., 1993). For example,
Giovannucci and coworkers (1992) studied a population of 7,284 men
from the Health Professionals Follow-up Study and found a significant
negative relationship between Dietary Fiber intake and colonic adenomas.
The inverse relationship with Dietary Fiber persisted when they adjusted for
other nutrients commonly found in fruits and vegetables. The overall
median dietary intake of Dietary Fiber in this population was 21 g/d, with a
median intake of 13 g/d for the lowest quintile and 34 g/d for the highest
quintile. A reanalysis of 16,448 men from the Health Professionals Follow-
Up Study that controlled for folate intake did not find a significant associa-
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tion between intake of Dietary Fiber and colon adenomas, although a slight
reduction in risk was observed with increasing intake of fruit fiber (Platz et
al., 1997).

Possible Reasons for the Lack of a Protective Effect of Dietary Fiber
in Some Trials

There is considerable debate and speculation as to why clinical inter-
vention trials on the relationship between fiber intake and colon cancer
have not shown the expected beneficial effect of fiber. Some of the possible
reasons for these results are discussed below.

Timing of the Intervention. Some of the recent prospective studies, such
as the Nurses’ Health Study (Fuchs et al., 1999) and the Health Professionals
Follow-Up Study (Giovannucci et al., 1994), have failed to show a protective
effect of Dietary Fiber intake against colon cancer when early indications
from these same cohorts suggested that they would. As noted above, the
Health Professionals Follow-up Study showed a protective effect of Dietary
Fiber from the diet against colonic adenomas (Giovannucci et al., 1992).
However, when the same cohort was later investigated for the relationship
between intake of Dietary Fiber and colon carcinoma, no relationship was
found (Giovannucci et al., 1994). A partial explanation for the difference
is due to differences in ways that the data were analyzed based on informa-
tion that was known at the time of analysis.

A similar situation was found in the Nurses’ Health Study cohort, which
initially found that the combination of high Dietary Fiber and low saturated
or animal fat intake was associated with a reduced risk of adenomas (Willett
et al., 1990), whereas a low intake of fiber alone did not contribute to the
risk of colon cancer. Again, at follow-up in the same cohort, no relation-
ship was found between Dietary Fiber intake and colon cancer incidence
(Fuchs et al., 1999). This may also account for the lack of a protective
effect of Dietary Fiber in the three recently reported clinical intervention
trials (Alberts et al., 2000; Bonithon-Kopp et al., 2000; Schatzkin et al.,
2000) since the participants already had colonic adenomas. Perhaps, as
Giovannucci and colleagues (1992) suggest, intake of Dietary Fiber may
influence the early stages of carcinogenesis, whereas dietary fat may have a
greater influence on the progression of initiated cells into cancer.

The Confounding Role of Other Dietary Factors. Another possible expla-
nation for the lack of a positive effect of fiber on colon cancer involves the
potential confounding role of starch. As discussed in Chapter 6, starch
may be divided into glycemic and nonglycemic starch, with nonglycemic
starch being resistant to digestion by mammalian enzymes and thus reach-
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ing the colon. Resistant starch intake has been associated with increased
concentrations of fecal ammonia (Birkett et al., 1997). This association
was reversed when nonstarch polysaccharides were added. Ammonia is
toxic to normal colonic cells and stimulates the growth of malignant cells
(Visek, 1978). Thus, diets that are high in resistant starch, but low in fiber,
may have adverse effects (Birkett et al., 1997).

Individuals May Not Consume Sufficient Amounts of Fiber or the Right Type
of Fiber. Neither the prospective studies nor the three large intervention
trials reported aspects of colonic function (Alberts et al., 2000; Bonithon-
Kopp et al., 2000; Schatzkin et al., 2000). It is possible that bulkier stools
or faster transit through the colon reduce the risk of bowel cancer
(Cummings et al., 1992), but that the amounts or types of Dietary Fibers
consumed did not result in these physiological effects. In addition, posi-
tive benefits of fiber with respect to colon cancer may not occur until
Dietary Fiber intake is sufficiently high; for example, greater than the median
32 g/d for the highest quintile in The Health Professionals Follow-Up
Study of men (Giovannucci et al., 1994; Platz et al., 1997) and 25 g/d in
the Nurses’ Health Study (Fuchs et al., 1999).

Summary

All but one of the studies (Bonithon-Kopp et al., 2000) cited in this
section examined the relationship of Dietary Fiber to colon cancer. Infor-
mation is lacking on the role of Functional Fibers in the incidence of colon
cancer because of the lack of intake data on specific Functional Fibers col-
lected in epidemiological studies. Most animal studies on fiber and colon
cancer, however, have used what could be termed Functional Fibers (Jacobs,
1986). Because evidence available is either too conflicting or inadequately
understood, a recommended intake level based on the prevention of colon
cancer cannot be set.

Dietary Fiber and Protection Against Breast Cancer

A growing number of studies have reported on the relationship of
Dietary Fiber intake and breast cancer incidence, and the strongest case can
be made for cereal consumption rather than consumption of Dietary Fiber
per se (for an excellent review see Gerber [1998]). Between-country studies,
such as England versus Wales (Ingram, 1981), southern Italy versus
northern Italy versus the United States (Taioli et al., 1991), and China
versus the United States (Yu et al., 1991), and one study within Spain
(Morales and Llopis, 1992), all showed an inverse correlation between
bread and cereal consumption and breast cancer risk. The findings of
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Caygill and coworkers (1998) showed an inverse correlation between breast
cancer incidence and both the current diet (p < 0.001) and the diet
20 years previously (p < 0.001). However, starchy root, vegetable, and fruit
intakes were not related to breast cancer risk for either diet.

Prospective Studies

There have been at least two prospective studies relating Dietary Fiber
intake to breast cancer incidence in the United States and both found no
significant association (Graham et al., 1992; Willett et al., 1992). A
Canadian study showed a significant protective trend for the intake of
cereals, with borderline significance for Dietary Fiber (Rohan et al., 1993).
Verhoeven and coworkers (1997) investigated the relationship between
Dietary Fiber intake and breast cancer risk in The Netherlands Cohort Study.
This prospective cohort study showed no evidence that a high intake of
Dietary Fiber decreased the risk of breast cancer.

Case-Control Studies

Eight of eleven reported case-control studies showed a protective effect
of Dietary Fiber against breast cancer (Baghurst and Rohan, 1994; De Stefani
et al., 1997; Franceschi et al., 1996; Freudenheim et al., 1996; Graham et
al., 1991; Lubin et al., 1986; Rohan et al., 1988; Ronco et al., 1999; van’t
Veer et al., 1990; Witte et al., 1997; Yuan et al., 1995). For studies that
showed this protection, the range of the odds ratio or relative risk was 0.40
to 0.74.

Intervention Studies

Most intervention studies on fiber and breast cancer have examined
fiber intake and plasma or urinary indicators of estrogen (e.g., estrone,
estradiol). Since certain breast cancers are hormone dependent, the con-
cept is that fiber may be protective by decreasing estrogen concentrations.
Rose and coworkers (1991) provided three groups of premenopausal
women with a minimum of 30 g/d of Dietary Fiber from wheat, oats, or
corn. After 2 months, wheat bran was shown to decrease plasma estrone
and estradiol concentrations, but oats and corn were not effective. Bagga
and coworkers (1995) provided 12 premenopausal women a very low fat
diet (10 percent of energy) that provided 25 to 35 g/d of Dietary Fiber.
After 2 months there were significant decreases in serum estradiol and
estrone concentrations, with no effects on ovulation. Woods and colleagues
(1989) found that a low fat (25 percent of energy), high fiber (40 g of
Dietary Fiber) diet significantly reduced serum estrone sulfate concentra-
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tions in healthy premenopausal women compared with consumption of a
typical Western diet (40 percent of energy from fat, 12 g of Dietary Fiber).
In a separate study, the same researchers again provided a low fat (20 per-
cent of energy), high fiber (40 g of Dietary Fiber) diet to premenopausal
African-American women and observed reduced concentrations of serum
estradiol and estrone sulfate when compared with a typical Western diet
(Woods et al., 1996).

Mechanisms

A variety of different mechanisms have been proposed as to how fiber
might protect against breast cancer, but the primary hypothesis is through
decreasing serum estrogen concentrations. Fiber can reduce the entero-
hepatic circulation of estrogen by binding unconjugated estrogens in the
gastrointestinal tract (Shultz and Howie, 1986), making them unavailable
for absorption (Gorbach and Goldin, 1987). Goldin and coworkers (1982)
reported decreased plasma concentrations of estrone and increased fecal
excretion of estrogens with increasing fecal weight. Alternatively, certain
fibers can modify the colonic microflora to produce bacteria with low
deconjugating activity (Rose, 1990), and deconjugated estrogens are
reabsorbed. With less reabsorption of estrogens, plasma concentrations
decrease. Another related hypothesis is that fiber speeds up transit through
the colon, thus allowing less time for bacterial deconjugation. In fact,
Petrakis and King (1981) noted abnormal cells in the mammary fluid of
severely constipated women. Also, fiber sources contain phytoestrogens,
which may compete with endogenous estrogens and act as antagonists
(Lee et al., 1991; Rose, 1992). Finally, one report showed that Dietary Fiber
intake was negatively correlated with total body fat mass, intra-abdominal
adipose tissue, and subcutaneous abdominal adipose tissue in 135 men
and 214 women (Larson et al., 1996). Since estrogen synthesis can occur
in lipid stores, a decreased lipid mass should result in decreased synthesis.
In addition to decreasing serum estrogen concentrations, fiber may be
protective by adsorbing carcinogens or speeding their transit through the
colon and providing less opportunity for their absorption. Carcinogens
known to be related to breast cancer that may be affected include hetero-
cyclic amines (Ito et al., 1991; Knekt et al., 1994), which have been shown
to adsorb to fiber (Harris et al., 1996).

Summary

There are no reports on the role of Functional Fibers in the risk of
breast cancer. Clearly, fiber has the potential capacity to decrease blood
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estrogen concentrations by a variety of different mechanisms, but whether
or not this is sufficient to decrease the risk of breast cancer has not been
thoroughly investigated. Because of the lack of evidence to support a role
of Dietary Fiber in preventing breast cancer, this clinical endpoint cannot
be used to set a recommended intake level.

Dietary Fiber and Other Cancers

Although the preponderance of the literature on fiber intake and
cancer involves colon cancer and breast cancer, several studies have shown
decreased risk for other types of cancer. Because Dietary Fiber has been
shown to decrease serum estrogen concentrations, some researchers have
hypothesized a protective effect against hormone-related cancers such as
endometrial, ovarian, and prostate. Studies on Dietary Fiber intake and endo-
metrial cancer have shown both significant and nonsignificant decreases in
risk (Barbone et al., 1993; Goodman et al., 1997; McCann et al., 2000). In
addition, studies have shown a decreased risk in ovarian cancer with a high
intake of Dietary Fiber (McCann et al., 2001; Risch et al., 1994; Tzonou et
al., 1993). However, no significant associations have been observed
between Dietary Fiber intake and risk of prostate cancer (Andersson et al.,
1996; Ohno et al., 1988; Rohan et al., 1995). Although interesting to note,
this literature is in its infancy and cannot be used to set a recommended
intake level for Dietary Fiber.

Dietary Fiber and Functional Fiber and Glucose Tolerance,
Insulin Response, and Amelioration of Diabetes

Epidemiological Studies

Epidemiological evidence suggests that intake of certain fibers may
delay glucose uptake and attenuate the insulin response, thus providing a
protective effect against diabetes. Evidence for the protective effect of
Dietary Fiber intake against type 2 diabetes comes from several prospective
studies that have reported on the relationship between food intake and
type 2 diabetes (Colditz et al., 1992; Meyer et al., 2000; Salmerón et al.,
1997a, 1977b). One study examined the relationship between specific
dietary patterns and risk of type 2 diabetes in a cohort of 42,759 men,
while controlling for major known risk factors (Salmerón et al., 1997a).
The results suggest that diets with a high glycemic load and low cereal
fiber content are positively associated with risk of type 2 diabetes, indepen-
dent of other currently known risk factors (Figure 7-1). In a second study,
diet and risk of type 2 diabetes in a cohort of 65,173 women were evalu-
ated (Salmerón et al., 1997b). Again, diets with a high glycemic load and
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FIGURE 7-1 Relative risk of type 2 diabetes by different levels of cereal fiber in-
take and glycemic load. Reprinted, with permission, from Salmerón et al. (1997b).
Copyright 1997 by the American Medical Association.

low cereal fiber content were positively associated with risk of type 2 diabetes,
independent of other dietary factors and currently known risk factors. Of
particular importance is that this combination resulted in a relative risk of
2.17 for men (Salmerón et al., 1997a) and 2.5 for women (Salmerón et al.,
1997b), which is more than twofold greater relative to consumption of a
diet high in cereal fiber and low in glycemic load (Figure 7-1).

In theory, the hypothesis as to how Dietary Fiber may be protective
against type 2 diabetes is that it attenuates the glucose response and
decreases insulin concentrations. This theory is supported by results from
the Zutphen Elderly Study, where a negative relationship was observed
between Dietary Fiber intake and insulin concentrations (Feskens et al.,
1994).

Intervention Studies

In some clinical intervention trials ranging from 2 to 17 weeks, con-
sumption of Dietary Fiber was shown to decrease insulin requirements in
type 2 diabetics (Anderson et al., 1987; Rivellese et al., 1980; HCR Simpson
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et al., 1981). However, Behall (1990) compared the addition of 19.5 g of
one of four different Functional Fibers (cellulose, carboxymethycellulose
gum, karaya gum, and locust bean gum) to a low fiber diet with respect to
glucose and insulin response curves from a standard glucose tolerance test
and found no significant differences between the diets after 4 weeks. In
addition, resistant starch has not been shown to have an effect on glycemic
index. This is in contrast to the differences in “slow release” versus “fast
release” starches, which have differential effects on postprandial glycemic
and insulinemic profiles (Golay et al., 1992; Jenkins et al., 1987).

Viscous Dietary and Functional Fibers, such as are found in oat products,
beans, isolated pectin, and isolated guar gum, have been found to produce
significant reductions in glycemic response in 33 of 50 studies (66 per-
cent) reviewed by Wolever and Jenkins (1993), which is in contrast to only
3 of 14 studies with nonviscous fiber (21 percent). Mechanistic data and
hypotheses support this effect of viscous fibers as they delay gastric empty-
ing and delay the absorption of glucose and other nutrients (Jenkins et al.,
1978; Wood et al., 1994). However, a seeming anomaly is that the blood
glucose response of foods is more closely related to their nonviscous fiber
content than to their viscous fiber content (Wolever, 1995). It is not clear
as to how significant the viscosity of fiber is to its contribution to the
reduction in glycemic response in the overall observation of a lower inci-
dence of type 2 diabetes with high fiber diets. Therefore, viscosity should
not be considered the most important attribute of fiber with respect to this
endpoint.

Summary

There is evidence that Total Fiber reduces the risk of diabetes; this can
be used as a secondary endpoint to support a recommended intake level
for Total Fiber that is primarily based on prevention of CHD. Further dis-
cussion is provided in the later section, “Findings by Life Stage and Gender
Group.”

Fiber Intake, Satiety, and Weight Maintenance

Epidemiological Studies

Since foods rich in fiber tend to be low in energy, researchers have
hypothesized that fiber consumption may help with weight maintenance.
This is an important consideration since obesity is such a prevalent problem
and contributes to the risk of many diseases. Support for the concept that
fiber consumption helps with weight maintenance is provided by studies
showing that daily Dietary Fiber intake is lower for obese men (20.9 ± 1.8 g)
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and women (15.7 ± 1.1 g) than for lean men (26.9 ± 1.8 g) and women
(22.7 ± 2.1 g) (Miller et al., 1994). Furthermore, in a study of 1,914 men
and 3,378 women, mean body mass index (BMI) was significantly lower in
the high Dietary Fiber group for both men and women (Appleby et al.,
1998).

Intervention Studies

Several intervention studies suggest that diets high in fiber may assist
in weight loss (Birketvedt et al., 2000; Eliasson et al., 1992; Rigaud et al.,
1990; Rössner et al., 1987; Ryttig et al., 1989), although other studies have
not found this effect (Astrup et al., 1990; Baron et al., 1986). For example,
Birketvedt and coworkers (2000) conducted a study in which 53 moder-
ately overweight females consumed a reduced energy diet (1,200 kcal/d)
with or without a fiber supplement, which was 6 g/d for 8 weeks and then
4 g/d thereafter. The women on the fiber-supplemented diets lost 8.0 kg
versus 5.8 kg for the placebo group (p < 0.05). High fiber diets are charac-
terized by a very low energy density compared to diets high in fat, and a
greater volume must be consumed in order to reach a certain energy level
(Duncan et al., 1983; Tremblay et al., 1991), which again could result in
cessation of eating. The issue of whether fiber has implications in the
modulation of appetite has been reviewed (Blundell and Burley, 1987;
Levine and Billington, 1994). Consumption of viscous fibers delays gastric
emptying (Roberfroid, 1993), which in turn can cause an extended feeling
of fullness (Bergmann et al., 1992) and delayed absorption of glucose and
other nutrients (Jenkins et al., 1978; Ritz et al., 1991; Roberfroid, 1993;
Truswell, 1992). Some investigators suggest that the delayed absorption of
nutrients is associated with an extended feeling of satiety and delayed
return of appetite (Grossman, 1986; Holt et al., 1992; Leathwood and
Pollet, 1988), but not all investigators have found this effect (de Roos et
al., 1995; Krishnamachar and Mickelsen, 1987; Sepple and Read, 1989).

A number of studies investigated the effect of consumption of a high
fiber meal and food intake at a later eating occasion. For example, eating
a breakfast supplemented with 29 g of sugar beet fiber resulted in 14 per-
cent less energy consumption at the subsequent lunch (Burley et al., 1993).
In contrast, other investigators have failed to demonstrate any postingestive
effect of fiber on food intake (Delargy et al., 1995; Levine and Billington,
1994). One study found that there was no difference between a high fiber
and a low fiber diet on later food intake if the energy content of the initial
diets was similar (Delargy et al., 1995). These authors used 20 g of Dietary
Fiber for their test breakfast meal, which is much lower than the 29 g used
by Burley and coworkers (1993). The authors concluded that for Dietary
Fiber to have an effect, there has to be greater than 20 g in the test meal
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(Delargy et al., 1995). Similar findings of no effect of a test meal on appe-
tite throughout the day have been found for substituting resistant starch
for digestible starch (Raben et al., 1994). In addition, much of the data on
chitin and chitosan in promoting weight loss have been negative (see
earlier section, “Physiological Effects of Isolated and Synthetic Fibers”).

Summary

The strongest data supporting a relationship between fiber and weight
maintenance come from the few epidemiological studies showing that
Dietary Fiber intake is lower for obese men and women than for lean men
and women and that BMI is lower with higher fiber consumption for both
men and women. Efforts to show that eating specific fibers increases satiety
and thus results in a decreased food intake have been inconclusive. In
terms of the attribute of fiber that may result in decreased food intake,
some have suggested that viscosity is important as it delays gastric empty-
ing and may lead to feeling more full for a longer period of time. How-
ever, this hypothesis has not been validated in clinical trials.

Although the finding that the overall data on Dietary Fiber intake are
negatively correlated with BMI is suggestive of a role for fiber in weight
control, the studies designed to determine how fiber intake might impact
overall energy intake have not shown a major effect. In fact, it appears that
very high amounts of fiber (e.g., 30 g/meal) are required to diminish
subsequent energy intake after that meal. For humans, there is no over-
whelming evidence that Dietary Fiber has an effect on satiety or weight main-
tenance, therefore this endpoint is not used to set a recommended intake
level.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Expression of the Total Fiber Requirement

Total Fiber requirements (the sum of Dietary Fiber and Functional Fiber)
may be expressed in a variety of different ways, including age plus number
of grams per day (Williams et al., 1995), grams per kilogram of body weight
(AAP, 1993), grams per day (Health and Welfare Canada, 1985; LSRO,
1987), and grams per 1,000 kcal (LSRO, 1987). Each of these methods has
its advantages and disadvantages. Because the available evidence suggests
that the beneficial effects of fiber in humans are most likely related to the
amount of food consumed—not to the individual’s age or body weight—
the best approach is to set an Adequate Intake (AI) based on grams per
1,000 kcal. However, since many people do not know how many kilo-
calories they consume in a day, the AI is based on the usual daily intake of
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energy (Appendix Table E-1) for each age group and is expressed in grams
per day. Those with energy intakes significantly above or below the refer-
ence intakes for their age and gender may want to consider adjusting their
total fiber intake accordingly.

Infants Ages 0 Through 12 Months

There are no functional criteria for fiber status that reflect response to
dietary intake in infants. Since human milk is recognized as the optimal
source of nourishment for infants throughout at least the first year of life
and as a sole nutritional source for infants during the first 4 to 6 months of
life (IOM, 1991), and because human milk contains no Dietary Fiber, there
is no AI for infants 0 through 6 months of age. During the 7- through
12-month age period, the intake of solid foods becomes more significant,
and Dietary Fiber intake may increase. However, there are no data on Dietary
Fiber intake in this age group and no theoretical reason to establish an AI
for infants 7 through 12 months of age.

Children and Adolescents Ages 1 Through 18 Years

Method Used to Set the AI

Although guidelines have been endorsed for recommended dietary
intakes of total fat and fatty acids, protein, carbohydrate, and cholesterol
in children 2 years of age and older by a variety of different organizations
(AHA, 1983; Dwyer, 1980; USDA/HHS, 2000), none of these guidelines
recommend a specific level of fiber intake during childhood. Data suggest
that North American children, like adults, consume inadequate amounts
of fiber for optimal health, and that consumption of fiber should be
increased to promote normal laxation, to help prevent diet-related cancer,
to help reduce serum cholesterol concentrations and therefore the risk of
coronary heart disease (CHD), and to help prevent obesity and the risk of
adult-onset diabetes (AHA, 1983; AMA Council on Scientific Affairs, 1989;
Wynder and Berenson, 1984). National pediatric dietary goals are targeted
for children older than 2 years of age, with a suggestion that age 2 to
3 years be a transition year (National Cholesterol Education Program, 1991).

Constipation is a common problem during childhood, as it is in adults,
and accounts for 25 percent of visits to pediatric gastroenterology clinics
(Loening-Baucke, 1993). As discussed in the earlier section, “Dietary Fiber,
Functional Fiber, and Colon Health,” there are strong data showing the
contribution of high fiber diets, along with adequate fluid intake, to lax-
ation in adults. However, fiber intake and constipation data in children
are limited. Studies correlate low Dietary Fiber intake with constipation
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(Hunt et al., 1993; Roma et al., 1999). Two studies by the same research
group addressed fiber intake in American children and found that chil-
dren with constipation consumed, on average, about half as much fiber as
the healthy control group (McClung et al., 1993, 1995). Morais and co-
workers (1999) reported that children with chronic constipation ingested
less Dietary Fiber than age-matched controls.

The AI for Total Fiber for children and adolescents is based on the data
cited for adults, which showed that 14 g/1,000 kcal reduced the risk of
CHD (see “Adults Ages 19 Years and Older”). The AI (14 g/1,000 kcal ×
median energy intake [kcal/1,000 kcal/d]) is then set for each age and
gender group. The median energy intake for 1- to 3-year-old children is
1,372 kcal/d (Appendix Table E-1). Thus, 19 g/d (14 × 1.37) of total fiber
would be recommended for this age group. It should be kept in mind that
recommendations for fiber intake are based on a certain amount of total
fiber as a function of energy intake. This means that those who consume
less than the median energy intake of a particular category need less fiber
than the recommendation (which is based on the mean energy intake).
For example, the median energy intake for 1- to 3-year-old children is
1,372 kcal/d and the recommendation for total fiber is 19 g/d. However,
1-year-old children not meeting this energy consumption level will not
require 19 g/d and their intake should be scaled back accordingly.

The median energy intake for 4- to 8-year-old children is 1,759 kcal/d
(Appendix Table E-1). Thus, 25 g/d (14 × 1.76) of Total Fiber would be
recommended for these children. The AIs for Total Fiber for boys and girls
9 to 18 years of age have been calculated in a similar manner using the
energy intake values in Appendix Table E-1.

Total Fiber AI Summary, Ages 1 Through 18 Years

AI for Children
1–3 years 19 g/d of Total Fiber
4–8 years 25 g/d of Total Fiber

AI for Boys
9–13 years 31 g/d of Total Fiber

14–18 years 38 g/d of Total Fiber

AI for Girls
9–13 years 26 g/d of Total Fiber

14–18 years 26 g/d of Total Fiber



DIETARY, FUNCTIONAL, AND TOTAL FIBER 387

Adults Ages 19 Years and Older

Methods Used to Set the AI

Fiber Intake and Risk of CHD. Although the preponderance of the data
shows a protective effect of consumption of high fiber and high fiber-
containing foods against CHD (see earlier section, “Dietary Fiber, Functional
Fiber, and the Prevention of Hyperlipidemia, Hypertension, and Coronary
Heart Disease”), there are exceptions to these findings. A more important
consideration for establishing a requirement for fiber is the fact that the
dietary intake data from epidemiological studies are on fiber-containing
foods, which are considered Dietary Fiber. Certain investigators specifically
analyzed diets for Dietary Fiber (Burr and Sweetnam, 1982; Hallfrisch et al.,
1988; Khaw and Barrett-Connor, 1987; Kromhout et al., 1982; Kushi et al.,
1985; Morris et al., 1977; Pietinen et al., 1996; Rimm et al., 1996), but
others used indicators of Dietary Fiber intake such as cereals, vegetables,
fruits, whole grains, or legumes. There are many constituents of whole
grains, in addition to Dietary Fiber, that may reduce the risk of CHD (Slavin
et al., 1997; Thompson, 1994). Despite these cautions, the data on the
relationship between Dietary Fiber intake and risk of CHD based on epide-
miological, clinical, and mechanistic data are strong enough to warrant
using this relationship as a basis for setting a recommended level of intake.
Both men and women appear to benefit from increasing their intake of
foods rich in fibers, particularly cereal fibers, with women appearing to
benefit more from increasing fiber consumption than men.

Because the prospective studies of Pietinen and coworkers (1996),
Rimm and coworkers (1996), and Wolk and coworkers (1999) are ade-
quately powered, divide fiber intake into quintiles, and provide data on
energy intake (Table 7-2), it is possible to set a recommended intake level.
Data from 21,930 Finnish men showed that at the highest quintile of Dietary
Fiber intake (34.8 g/d), median energy intake was 2,705 kcal/d, which
equates to 12.9 g of Dietary Fiber/1,000 kcal (Pietinen et al., 1996). The
Health Professionals Follow-up Study of men reported a Dietary Fiber intake
of 28.9 g/d in the highest quintile, with a normalized energy intake of
2,000 kcal/d, which equates to 14.45 g of Dietary Fiber/1,000 kcal (Rimm et
al., 1996). In the Nurses’ Health Study of women, the median Dietary Fiber
intake at the highest quintile was 22.9 g/d, with a normalized energy intake
of 1,600 kcal/d (Wolk et al., 1999), which equates to 14.3 g of Dietary Fiber/
1,000 kcal. In these three studies, there was a significant negative trend in
Dietary Fiber intake and risk of CHD. Specifically, there was a strong nega-
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tive correlation between cereal fiber intake and risk of CHD, whereas the
correlation was weak or nonexistent for fruit and vegetable fibers. Taken
collectively and averaging to the nearest gram, these data suggest an intake
of 14 g of Dietary Fiber/1,000 kcal, particularly from cereals, to promote
heart health. Data from the intervention trials are in line with these recom-
mendations, as are data from epidemiological studies.

Fiber Intake and Risk of Type 2 Diabetes. The literature on Dietary Fiber
intake and glucose tolerance, insulin response, and amelioration of diabetes
alone is insufficient at this time to use as a basis for a recommendation
(see “Evidence Considered for Estimating the Requirement for Dietary Fiber
and Functional Fiber”). However, it should be noted that the positive effects
seen in two large prospective studies (Salmerón et al., 1997a, 1997b) were
achieved with the same levels of fiber that have previously been reported
as being protective against CHD (Pietinen et al., 1996; Rimm et al., 1996;
Wolk et al., 1999). Therefore, the recommendations made using the effect
of Dietary Fiber intake on CHD are supported by the data on Dietary Fiber
intake and type 2 diabetes.

Summary. Prospective studies have shown that the impact of Dietary
Fiber on the advent of CHD occurs continuously across a range of intakes.
Therefore, an Estimated Average Requirement (EAR) cannot be set.

Based on the average intake of Dietary Fiber and its effect on CHD, as
well as the beneficial role of Functional Fibers (such as gums, pectin and
psyllium), an AI for Total Fiber is set for each age and gender group by
multiplying 14 g/1,000 kcal × median energy intake (kcal/1,000 kcal/d).
The highest median intake level for each gender-specific age group (from
Appendix Table E-1) was used in the equation to set the AI for young
adults (19 to 50 years of age) and older adults (51 years of age and older).
There is no information to indicate that fiber intake as a function of energy
intake differs during the life cycle.

By definition, the AI is expected to meet or exceed the EAR or the
average amount needed to maintain a defined nutritional state or criterion
of adequacy in essentially all members of a specific healthy population.
Thus, where data are insufficient to be used as the basis of an AI, Total Fiber
at the recommended levels may also help to ameliorate constipation and
diverticular disease, provide fuel for colonic cells, attenuate blood glucose
and lipid concentrations, and provide a source of nutrient-rich, low energy-
dense foods that could contribute to satiety.
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Total Fiber AI Summary, Ages 19 Years and Older

AI for Men
19–30 years 38 g/d of Total Fiber
31–50 years 38 g/d of Total Fiber
51–70 years 30 g/d of Total Fiber
> 70 years 30 g/d of Total Fiber

AI for Women
19–30 years 25 g/d of Total Fiber
31–50 years 25 g/d of Total Fiber
51–70 years 21 g/d of Total Fiber
> 70 years 21 g/d of Total Fiber

Pregnancy

Method Used to Set the AI

There is no evidence to suggest the beneficial effects of fiber in reduc-
ing the risk of CHD for pregnant adolescent girls and women is different
from nonpregnant adolescent girls and women. Therefore, the AI for Total
Fiber is 28 g/d (14 g/1,000 kcal × 1,978 kcal/1,000 kcal/d).

Total Fiber AI Summary, Pregnancy

AI for Pregnant Women
14–18 years 28 g/d of Total Fiber
19–30 years 28 g/d of Total Fiber
31–50 years 28 g/d of Total Fiber

Lactation

Method Used to Set the AI

There is no evidence to suggest the beneficial effects of fiber in reduc-
ing the risk of CHD for lactating adolescent girls and women are different
from nonpregnant adolescent girls and women. Therefore, the AI for Total
Fiber is 29 g/d (14 g/1,000 kcal × 2,066 kcal/1,000 kcal/d).
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Total Fiber AI Summary, Lactation

AI for Lactating Women
14–18 years 29 g/d of Total Fiber
19–30 years 29 g/d of Total Fiber
31–50 years 29 g/d of Total Fiber

INTAKE OF DIETARY FIBER

Food Sources

Marlett (1992) reported on the Dietary Fiber content of 117 frequently
consumed foods. Dietary Fiber was present in the majority of fruits, vege-
tables, refined grains, and miscellaneous foods such as ketchup, olives,
and soups, at concentrations of 1 to 3 percent, or 1 to 3 g/100 g of fresh
weight. Nuts, legumes, and high fiber grains typically contained more than
3 percent Dietary Fiber. About one-third of the fiber in legumes, nuts, fruits,
and vegetables was present as hemicelluloses. Approximately one-fourth of
the fiber in grains and fruit and one-third in nuts and vegetables consisted
of cellulose. Although fruits contained the greatest amount of pectin, 15
to 20 percent of the fiber content in legumes, nuts, and vegetables was
pectin.

The major sources of naturally occurring inulin and oligofructose are
wheat and onions, which provide about 70 and 25 percent of these compo-
nents, respectively (Moshfegh et al., 1999). Isolated inulin provides a creamy
texture and is added to replace fat in table spreads, dairy products, frozen
desserts, baked goods, fillings, and dressings. Oligofructose is most
commonly added to cereals, fruit preparations for yogurt, cookies, dairy
products, and frozen desserts.

Depending on one’s chosen diet, naturally occurring and manufac-
tured resistant starch, as well as that produced during normal processing
of foods for human consumption, could make a significant contribution to
daily Total Fiber intake. Legumes are the largest source of naturally occur-
ring resistant starch (Marlett and Longacre, 1996). In addition, green
bananas (Englyst and Cummings, 1986) and cooled, cooked potatoes
(Englyst and Cummings, 1987) can provide a significant amount of resis-
tant starch. Resistant starch resulting from normal processing of a foodstuff
is a more modest contributor to a typical daily intake. Starches specifically
manufactured to be resistant to endogenous human digestion are a rapidly
growing segment of commercially available resistant starches.
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Dietary Intake

National nutrition surveys use the U.S. Department of Agriculture
(USDA) food composition database to estimate the intake of various nutri-
ents. This database primarily measures Dietary Fiber intake because isolated
Functional Fibers, such as pectins and gums, that are used as ingredients
represent a very minor amount of the fiber present in foods. For instance,
the fiber content of fat-free ice creams and yogurts, which contain Func-
tional Fibers as additives, is much less than 1 g/serving and therefore is
often labeled as having 0 g of fiber. Based on intake data from the Con-
tinuing Survey of Food Intakes by Individuals (CSFII) (1994–1996, 1998),
median Dietary Fiber intakes ranged from 16.5 to 17.9 g/d for men and 12.1
to 13.8 g/d for women (Appendix Table E-4). Based on the Adequate
Intakes (AI) set for the various age and gender groups, 10 percent or less
of a particular group consumed greater than the AI.

Based on additional intake data from CSFII, American diets provided
on average 2.6 g/d of inulin and 2.5 g/d of oligofructose (Moshfegh et al.,
1999). Since inulin and oligofructose have not been analyzed as fiber pre-
viously, they would not be in the USDA database. This would mean that
people are actually consuming approximately 5.1 g/d more fiber than
reported in the CSFII database (Appendix Table E-4). Although there is a
seemingly large gap between current fiber intake and the recommended
intake, it is not difficult to consume recommended levels of Total Fiber by
choosing foods recommended by the Food Guide Pyramid. Two sample
menus are provided that meet the Estimated Energy Requirement (EER)
and AI for Total Fiber for men (Table 7-3) and women (Table 7-4).

These menus show that a 19-year-old active male and a 19-year-old
active female can meet their AI for Total Fiber without exceeding their
EER. These diets also meet the Recommended Dietary Allowances and AIs
for all of the micronutrients.

ADVERSE EFFECTS OF OVERCONSUMPTION

Adverse Effects of Dietary Fiber

Mineral Bioavailability

Within the last 20 years, several animal and human studies have shown
that foods or diets rich in fibers may alter mineral metabolism, especially
when phytate is present (Sandstead, 1992). Fibers may reduce the bio-
availability of minerals such as iron, calcium, and zinc (AAP, 1981; Williams
and Bollella, 1995). However, levels of 10 to 12 g of Dietary Fiber/1,000 kcal
have been suggested as safe even for Japanese adolescents, who tradition-
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TABLE 7-3 Fiber Intake from an Omnivorous Diet Adequate
in Essential Micronutrients to Meet the Estimated Energy
Requirement for a Male 19 Years of Age (3,078 kcal/d)

Total
Meal Foods Eaten Energy (kcal) Fiber (g)

Breakfast Grapefruit, pink or red (1/2 medium) 38 1.4
Banana (1 medium) 109 2.8
Cereal, ready-to-eat shredded 112 3.0

 oats (1 cup)
English muffin (white, 1 whole) 134 1.5
Margarine (2 tsp) 68 0
Milk, 1% (1 cup) 102 0
Total for meal 563 8.7

Snack Crackers, whole wheat (6 each) 109 0.9
Cheddar cheese (1.5 oz) 171 0
 Juice (3/4 cup) 78 0.4
Total for snack 358 1.3

Lunch Tossed salad (1 cup) 16 1.5
Salad dressing (1 tbs) 66 0
Chili with beans and beef (1 cup) 273 6.5
Cornbread (1 piece) 173 1.3
Margarine (1 tsp) 34 0
Grapes (1/2 cup) 57 0.8
Fig bar cookies (2) 111 1.5
Milk, 1% (1 cup) 102 0
Total for meal 832 11.6

Dinner Salmon in soy sauce (3.5 oz) 169 0.2
Rice with vegetables (3/4 cup) 167 1.4
Broccoli (1-1/2 cup) 40 4.4
Roll, whole wheat (2 medium) 177 5.0
Margarine (2 tsp) 68 0
Ice cream (1/2 cup) 98 0.3
Total for meal 719 11.3

Snack Carrots, raw (12 medium baby) 51 3.6
Spinach dip (2 tbs) 58 0.4
Turkey sandwich 344 1.2
Cola (1 can) 153 0
Total for snack 606 5.2

Daily total 3,078 38.1

NOTE: Source of food composition data: NDS-R Food and Nutrient Data Base, Version
4.04_32, 2001, Nutrition Coordinating Center, University of Minnesota.
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TABLE 7-4 Fiber Intake from an Omnivorous Diet Adequate
in Essential Micronutrients to Meet the Estimated Energy
Requirement for a Female 19 Years of Age (2,393 kcal/d)

Total
Meal Foods Eaten Energy (kcal) Fiber (g)

Breakfast Banana (1/2 medium) 54 1.4
Cereal, ready-to-eat shredded oats 84 2.3

(3/4 cup)
English muffin (white, 1 whole) 134 1.5
Margarine (2 tsp) 68 0
Milk, skim (1 cup) 86 0
Total for meal 426 5.2

Snack Crackers, whole wheat (5 each) 90 0.7
Cheddar cheese (1.5 oz) 171 0
 Juice (3/4 cup) 78 0.4
Total for snack 339 1.1

Lunch Tossed salad (3/4 cup) 12 1.1
Salad dressing (1 tbs) 66 0
Chili with beans and beef (3/4 cup) 205 4.9
Cornbread (1 piece) 173 1.3
Margarine (1 tsp) 34 0
Grapes (1/2 cup) 57 0.8
Milk, skim (1 cup) 86 0
Total for meal 633 8.1

Dinner Salmon in soy sauce (3.5 oz) 169 0.2
Rice with vegetables (1/2 cup) 111 1.0
Broccoli (1/2 cup) 14 1.5
Roll, whole wheat (1 medium) 89 2.5
Margarine (1 tsp) 34 0
Ice cream (1/2 cup) 98 0.3
Total for meal 515 5.5

Snack Apple (1 medium) 81 3.7
Pretzels (1 oz) 108 0.9
Peanut butter sandwich 138 1.3
Cola (1 can) 153 0
Total for snack 480 5.9

Daily total 2,393 25.8

NOTE: Source of food composition data: NDS-R Food and Nutrient Data Base, Version
4.04_32, 2001, Nutrition Coordinating Center, University of Minnesota.
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ally have low levels of calcium intake (Nishimune et al., 1993). Most studies
that assess the effect of fiber intake on mineral status have looked at
calcium, magnesium, iron, or zinc.

Calcium. Most studies investigating the effects of cereal, vegetable, and
fruit fibers on the absorption of calcium in animals and humans have
reported no effect on calcium absorption or balance (Spencer et al., 1991;
Wisker et al., 1991). However, some studies described a decrease in calcium
absorption with ingestion of Dietary Fiber under certain conditions (Knox
et al., 1991; O’Brien et al., 1993). Slavin and Marlett (1980) found that
supplementing the diet with 16 g/d of cellulose resulted in significantly
greater fecal excretion of calcium resulting in an average loss of approxi-
mately 200 mg/d. There was no effect on the apparent absorption of calcium
after the provision of 15 g/d of citrus pectin (Sandberg et al., 1983).

Magnesium. Studies report no differences in magnesium balance with
intake of certain Dietary Fibers (Behall et al., 1987; Hallfrisch et al., 1987;
Spencer et al., 1991). Astrup and coworkers (1990) showed no effect of
the addition of 30 g/d of plant fiber to a very low energy diet on plasma
concentrations of magnesium. There was no effect on the apparent
absorption of magnesium after the provision of 15 g/d of citrus pectin
(Sandberg et al., 1983). Magnesium balance was not significantly altered
with the consumption of 16 g/d of cellulose (Slavin and Marlett, 1980).

Iron and Zinc. A number of studies have looked at the impact of fiber-
containing foods, such as cereal fibers, on iron and zinc absorption. These
cereals typically contain levels of phytate that are known to impair iron
and zinc absorption. Coudray and colleagues (1997) showed no effect of
isolated viscous inulin or partly viscous sugar beet fibers on either iron or
zinc absorption when compared to a control diet. Metabolic balance studies
conducted in adult males who consumed four oat bran muffins daily
showed no changes in zinc balance due to the supplementation (Spencer
et al., 1991). Brune and coworkers (1992) have suggested that the inhibi-
tory effect of bran on iron absorption is due to its phytate content rather
than its Dietary Fiber content. However, the addition of 12 g/d of bran to a
meal decreased iron absorption by 51 to 74 percent, and the inhibition
was not explained by the presence of phytate (KM Simpson et al., 1981).

Gastrointestinal Distress. There are limited studies to suggest that chronic
high intakes of Dietary Fibers can cause gastrointestinal distress. The con-
sumption of wheat bran at levels up to 40 g/d did not result in significant
increases in gastrointestinal distress compared to a placebo (McRorie et
al., 2000). However, flatulence did increase with increased intake of Dietary
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Fiber (Bolin and Stanton, 1998; Tomlin et al., 1991). Adverse effects have
been observed under certain special circumstances. For instance, 75 to
80 g/d of Dietary Fiber has been associated with sensations of excessive
abdominal fullness and increased flatulence in individuals with pancreatic
disease (Dutta and Hlasko, 1985). Furthermore, the consumption of 160 to
200 g/d of unprocessed bran resulted in intestinal obstruction in a woman
who was taking an antidepressant (Kang and Doe, 1979).

Summary

Dietary Fiber can have variable compositions and therefore it is difficult
to link a specific fiber with a particular adverse effect, especially when
phytate is also often present. It is concluded that as part of an overall
healthy diet, a high intake of Dietary Fiber will not produce significant
deleterious effects in healthy people. Therefore, a Tolerable Upper Intake
Level (UL) is not set for Dietary Fiber.

Special Considerations

Dietary Fiber is a cause of gastrointestinal distress in people with irritable
bowel syndrome. Those who suffer from excess gas production can consume
a low gas-producing diet, which is low in dietary fiber (Cummings, 2000).

Hazard Identification for Isolated and Synthetic Fibers

Unlike Dietary Fiber, it may be possible to concentrate large amounts of
Functional Fiber in foods, beverages, and supplements. Since the potential
adverse health effects of Functional Fiber are not completely known, they
should be evaluated on a case-by-case basis. In addition, projections regard-
ing the potential contribution of Functional Fiber to daily Total Fiber intake
at anticipated patterns of food consumption would be informative. Func-
tional Fiber, like Dietary Fiber, is not digested by mammalian enzymes and
passes into the colon. Thus, like Dietary Fiber, most potentially deleterious
effects of Functional Fiber ingestion will be on the interaction with other
nutrients in the gastrointestinal tract. Data from human studies on adverse
effects of consuming what may be considered as Functional Fibers (if suffi-
cient data exist to show a potential health benefit) are summarized below
under the particular fiber.

Chitin and Chitosan

Studies on the adverse effects of chitin and chitosan are limited. A
study in rats fed up to 5 percent chitin for 13 weeks showed no adverse
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effects based on clinical signs, hematology, serum biochemistry, and histo-
pathology analysis (Niho et al., 1999).

Gums

Gastrointestinal Distress. While the adverse gastrointestinal effects of
gums are limited, incidences of moderate to severe degrees of flatulence
were reported from a trial in which 4 to 12 g/d of a hydrolyzed guar gum
were provided to 16 elderly patients (Patrick et al., 1998).

Allergic Reactions. Gums such as the exudate gums, gum arabic, and
gum tragacanth have been shown to elicit an immune response in mice
(Strobel et al., 1982). Occupational asthma caused by guar gum has been
reported (Lagier et al., 1990).

Inulin, Oligofructose, and Fructooligosaccharide

Cancer. When F-344 rats, known to have a high incidence of neoplastic
lesions, were given 0, 8,000, 20,000, or 50,000 ppm doses of fructooligo-
saccharide, the incidence of pituitary adenomas was 20, 26, 38, and 44 per-
cent, respectively (Haseman et al., 1990). The incidence was significantly
higher for intakes at 20,000 and 50,000 ppm. Clevenger and coworkers (1988)
reported no difference in the onset of cancer in F-344 rats fed 0, 8,000
(341 to 419 mg/kg/d), 20,000 (854 to 1,045 mg/kg/d), or 50,000 ppm
(2,170 to 2,664 mg/kg/d) doses of fructooligosaccharide compared with
the controls.

Development and Reproduction. Henquin (1988) observed a lack of
developmental toxicity when female rats were fed a diet containing 20 per-
cent fructooligosaccharide during gestation. When pregnant rats were fed
diets containing 5, 10, or 20 percent fructooligosaccharide during ges-
tation, no adverse developmental effects were observed (Sleet and
Brightwell, 1990).

Genotoxicity. Fructooligosaccharide has been tested for genotoxicity
using a wide range of test doses (0 to 50,000 ppm); the results indicated no
genotoxic potential from use of fructooligosaccharide (Clevenger et al.,
1988).

Gastrointestinal Distress. A number of studies have observed gastro-
intestinal distress (e.g., diarrhea, flatulence, bloating, and cramping) with
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inulin, oligofructose, or fructooligosaccharide intake. Cramping, bloating,
flatulence, and diarrhea was observed at intakes ranging from 14 to 18 g/d
of inulin (Davidson and Maki, 1999; Pedersen et al., 1997). Consumption
of 5 or 15 g/d of fructooligosaccharide produced a gaseous response in
healthy men (Alles et al., 1996). Briet and coworkers (1995) reported
increased flatulence as a result of consuming more than 30 g/d of fructo-
oligosaccharide, increased bloating at greater than 40 g/d, and cramps
and diarrhea at 50 g/d. Increased flatulence and bloating were observed
when 10 g/d of fructooligosaccharide was consumed (Stone-Dorshow and
Levitt, 1987).

The role carbohydrate malabsorption plays in the onset of diarrhea
most likely depends upon the balance between the osmotic force of the
carbohydrate and the capacity of the colon to remove the carbohydrate via
bacterial fermentation. In order to evaluate the significance of osmolarity,
Clausen and coworkers (1998) compared the severity of diarrhea after
consumption of fructooligosaccharide and lactulose, both of which are
nonabsorbable carbohydrates. Although both carbohydrates are fermented
by colonic microflora, they differ in osmolarity. The osmotic force is twice
as high for lactulose as for frutooligosaccharide. In a crossover design,
12 individuals were given fructooligosaccharide or lactulose in increasing
doses of 0, 20, 40, 80, and 160 g/d. The increase in fecal volume measured
as a function of the dose administered was twice as high for lactulose as for
fructooligosaccharide; however, there was substantial interindividual varia-
tion in the response. The researchers concluded that fecal volume in
carbohydrate-induced diarrhea is proportional to the osmotic force of the
malabsorbed saccharide, even though most is degraded by colonic bacteria
(Clausen et al., 1998).

Allergic Reactions. Data on the allergenicity of inulin and oligofructose
is very limited. Anaphylaxis was observed following the intravenous
administration of inulin for determining the glomerular filtration rate
(Chandra and Barron, 2002). Separate episodes of anaphylaxis were ob-
served following the ingestion of artichoke leaves, a margarine containing
inulin extracted from chicory (Raftiline HP), and a candy containing inu-
lin (Raftiline HP) or oligofructose (Raftilose P95) (Gay-Crosier et al.,
2000). A skin-pricking test revealed hypersensitivity to each of the above
foods or ingredients (Gay-Crosier et al., 2000).

Pectin

Pectin has been shown to have a negligible effect on zinc retention in
humans (Lei et al., 1980). Also, Behall and coworkers (1987) found that
refined fibers had no effect on mineral balance as long as people were
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consuming recommended dietary allowance levels of iron and zinc when
fed as part of their control diet.

Polydextrose

Polydextrose has showed no reproductive toxicity, teratology, muta-
genicity, genotoxicity, or carcinogenesis in experimental animals (Burdock
and Flamm, 1999). In humans, no reports of abdominal cramping or
diarrhea were reported in men and women who were given up to 12 g/d
of polydextrose (Jie et al., 2000). Furthermore, there were no complaints
of abdominal distress with the consumption of 30 g/d of polydextrose
(Achour et al., 1994). However, flatulence and gas-related problems were
reported following the intake of 30 g/d of polydextrose (Tomlin and Read,
1988). Diarrhea was reported with the consumption of 15 g/d of poly-
dextrose; however, this symptom ceased after 1 month of intake (Saku et
al., 1991).

Psyllium

Gastrointestinal Distress. In a meta-analysis of eight studies regarding
psyllium intake, the authors found that psyllium was well tolerated and
safe (Anderson et al., 2000a). There have been certain situations in which
adverse effects have been observed. Esophageal obstruction was noted in
an elderly man who regularly took a “heaping” teaspoon with some water
(Noble and Grannis, 1984). Furthermore, an elderly woman who was given
2 tbs of a psyllium-based laxative three times daily suffered from small-
bowel obstruction (Berman and Schultz, 1980). It was determined that her
water intake was insufficient for this dose. Thus, psyllium generally does
not cause gastrointestinal distress provided adequate amounts of water are
consumed.

Cancer. In the European Center Prevention Organization Study, psyllium
(Functional Fiber) was provided at a level of 3.5 g/d (Bonithon-Kopp et al.,
2000). Patients (n = 655) with a history of colon adenomas were randomly
assigned to one of three treatment groups: 2 g/d of calcium, 3.5 g/d of
psyllium, or placebo. Participants in the study also had a colonoscopy after
3 years of follow-up. The adjusted odds ratio for colon adenoma recur-
rence for the psyllium fiber intervention was 1.67 (p = 0.042). The authors
concluded that supplementation with psyllium may have adverse effects
on colon adenoma recurrence.
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Allergic Reactions. Several reports of anaphylaxis have been reported
following the ingestion of psyllium-containing cereals (Drake et al., 1991;
James et al., 1991; Lantner et al., 1990). Subsequent IgE antibodies to
psyllium were confirmed in these reports. Symptoms of asthma have also
been reported in individuals exposed to psyllium powder (Busse and
Schoenwetter, 1975).

Resistant Starch

Ninety-one percent of individuals who consumed 32 g/d of RS3 (retro-
graded starch; formed from the cooking and cooling or extrusion of
starchy foods) experienced flatulence and 41 percent reported bloated
feelings (Heijnen et al., 1998). Other gastrointestinal discomforts were
reported by 14 percent of those consuming 32 g/d of RS3, whereas only
5 percent of individuals consuming an equal amount of glucose reported
such discomforts.

Summary

While occasional adverse gastrointestinal symptoms are observed when
consuming some of the isolated or synthetic fibers, serious chronic adverse
effects have not been observed. Furthermore, due to the bulky nature of
fibers, excess consumption is likely to be self-limiting. Therefore, a UL was
not set for these individual fibers.

RESEARCH RECOMMENDATIONS

The relationship of fiber to health is of great importance, particularly
since novel fiber sources are appearing on the market, and these fiber
sources may or may not produce the same physiological effects as fiber
from traditional foods. Research that provides human data and does the
following is assigned the highest priority:

• Evaluate the protective effect of fiber against colon cancer in subsets
of the population by applying genotyping and phenotyping to those par-
ticipating in fiber and colon cancer trials. There also needs to be increased
validation of intermediate markers, such as polyp recurrence, and assess-
ment of functional markers (e.g., fecal bulk) and its relationship to these
endpoints.

•  Conduct a dose–response study to determine the amount of fiber
that needs to be ingested to promote optimum laxation so that this could
form the basis for a recommendation for fiber intake and provide a basis
for determining functional fibers.
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• Attempt to relate changes in the colonic microflora due to fiber
ingestion to functional endpoints (e.g., decreased irritable bowel syndrome,
increased laxation).

• Conduct longer-term studies on low energy-dense food sources
(high in dietary fiber) and satiety and weight control to see if a higher
fiber diet will help with weight maintenance or promote adherence to
reduced calorie diets for weight reduction.

• Examine the relation between Dietary Fiber intake, energy intake,
and long-term body weight in existing prospective epidemiological studies
in addition to intervention studies.

• Conduct long-term studies on the effects of both viscous and whole-
grain cereal fibers on coronary heart disease and diabetes risk factors.
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8
Dietary Fats:

Total Fat and Fatty Acids

SUMMARY

Fat is a major source of fuel energy for the body and aids in the
absorption of fat-soluble vitamins and carotenoids. Neither an
Adequate Intake (AI) nor Recommended Dietary Allowance (RDA)
is set for total fat because there are insufficient data to determine
a defined level of fat intake at which risk of inadequacy or prevention
of chronic disease occurs. An Acceptable Macronutrient Distribu-
tion Range (AMDR), however, has been estimated for total fat—it
is 20 to 35 percent of energy (see Chapter 11). A Tolerable Upper
Intake Level (UL) is not set for total fat because there is no
defined intake level of fat at which an adverse effect occurs.

Saturated fatty acids are synthesized by the body to provide an
adequate level needed for their physiological and structural func-
tions; they have no known role in preventing chronic diseases.
Therefore, neither an AI nor RDA is set for saturated fatty acids.
There is a positive linear trend between total saturated fatty acid
intake and total and low density lipoprotein (LDL) cholesterol
concentration and increased risk of coronary heart disease (CHD).
A UL is not set for saturated fatty acids because any incremental
increase in saturated fatty acid intake increases CHD risk. It is
neither possible nor advisable to achieve 0 percent of energy from
saturated fatty acids in typical whole-food diets. This is because all
fat and oil sources are mixtures of fatty acids, and consuming
0 percent of energy would require extraordinary changes in pat-
terns of dietary intake. Such extraordinary adjustments may intro-
duce undesirable effects (e.g., inadequate intakes of protein and
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certain micronutrients) and unknown and unquantifiable health
risks. The AMDR for total fat is set at 20 to 35 percent of energy. It
is possible to have a diet low in saturated fatty acids by following
the dietary guidance provided in Chapter 11.

n-9 cis Monounsaturated fatty acids are synthesized by the body
and have no known independent beneficial role in human health
and are not required in the diet. Therefore, neither an AI nor an
RDA is set. There is insufficient evidence to set a UL for n-9 cis
monounsaturated fatty acids.

Linoleic acid is the only n-6 polyunsaturated fatty acid that is an
essential fatty acid; it serves as a precursor to eicosanoids. A
lack of dietary n-6 polyunsaturated fatty acids is characterized
by rough and scaly skin, dermatitis, and an elevated eicosatrienoic
acid:arachidonic acid (triene:tetraene) ratio. The AI for linoleic
acid is based on the median intake in the United States where an
n-6 fatty acid deficiency is nonexistent in healthy individuals. The
AI is 17 g/d for young men and 12 g/d for young women. While
intake levels much lower than the AI occur in the United States
without the presence of a deficiency, the AI can provide the ben-
eficial health effects associated with the consumption of linoleic
acid (see Chapter 11). There is insufficient evidence to set a UL
for n-6 polyunsaturated fatty acids.

n-3 Polyunsaturated fatty acids play an important role as structural
membrane lipids, particularly in nerve tissue and the retina, and
are precursors to eicosanoids. A lack of α-linolenic acid in the diet
can result in clinical symptoms of a deficiency (e.g., scaly dermatitis).
An AI is set for α-linolenic acid based on median intakes in the
United States where an n-3 fatty acid deficiency is nonexistent in
healthy individuals. The AI is 1.6 and 1.1 g/d for men and women,
respectively. While intake levels much lower than the AI occur in
the United States without the presence of a deficiency, the AI can
provide the beneficial health effects associated with the consumption
of n-3 fatty acids (see Chapter 11). There is insufficient evidence
to set a UL for n-3 fatty acids.

Trans fatty acids are not essential and provide no known benefit to
human health. Therefore, no AI or RDA is set. As with saturated
fatty acids, there is a positive linear trend between trans fatty acid
intake and LDL cholesterol concentration, and therefore increased
risk of CHD. A UL is not set for trans fatty acids because any incre-
mental increase in trans fatty acid intake increases CHD risk.
Because trans fatty acids are unavoidable in ordinary, nonvegan
diets, consuming 0 percent of energy would require significant
changes in patterns of dietary intake. As with saturated fatty acids,
such adjustments may introduce undesirable effects (e.g., elimina-
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tion of commercially prepared foods, dairy products, and meats
that contain trans fatty acids may result in inadequate intakes of
protein and certain micronutrients) and unknown and unquanti-
fiable health risks. Nevertheless, it is recommended that trans fatty
acid consumption be as low as possible while consuming a nutri-
tionally adequate diet. Dietary guidance in minimizing trans fatty
acid intake is provided in Chapter 11.

BACKGROUND INFORMATION

Total Fat

Fat is a major source of fuel energy for the body. It also aids in the
absorption of the fat-soluble vitamins A, D, E, and K and carotenoids.
Dietary fat consists primarily (98 percent) of triacylglycerol, which is com-
posed of one glycerol molecule esterified with three fatty acid molecules,
and smaller amounts of phospholipids and sterols. Fatty acids are hydro-
carbon chains that contain a methyl (CH3-) and a carboxyl (-COOH) end.
The fatty acids vary in carbon chain length and degree of unsaturation
(number of double bonds in the carbon chain). The fatty acids can be
classified into the following categories:

• Saturated fatty acids
• Cis monounsaturated fatty acids
• Cis polyunsaturated fatty acids

— n-6 fatty acids
— n-3 fatty acids

• Trans fatty acids

Dietary fat derives from both animal and plant products. In general,
animal fats have higher melting points and are solid at room temperature,
which is a reflection of their high content of saturated fatty acids. Plant
fats (oils) tend to have lower melting points and are liquid at room tem-
perature (oils); this is explained by their high content of unsaturated fatty
acids. Exceptions to this rule are the seed oils (e.g., coconut oil and palm
kernel oil), which are high in saturated fat and solid at room temperature.
Trans fatty acids have physical properties generally resembling saturated
fatty acids and their presence tends to harden fats. In the discussion below,
total fat intake refers to the intake of all forms of triacylglycerol, regardless
of fatty acid composition, in terms of percentage of total energy intake.

In addition to the functions of fat and fatty acids described above, fatty
acids also function in cell signaling and alter expression of specific genes
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involved in lipid and carbohydrate metabolism (Jump and Clarke, 1999;
Sessler and Ntambi, 1998). Fatty acids may themselves be ligands for, or
serve as precursors for, the synthesis of unknown endogenous ligands for
nuclear peroxisome proliferator activating receptors (Kliewer et al., 1997;
Latruffe and Vamecq, 1997). These receptors are important regulators of
adipogenesis, inflammation, insulin action, and neurological function.

Phospholipids

Phospholipids are a form of fat that contains one glycerol molecule
that is esterified with two fatty acids and either inositol, choline, serine, or
ethanolamine. Phospholipids are primarily located in the membranes of
cells in the body and the globule membranes in milk. A very small amount
of dietary fat occurs as phospholipid. The metabolism of phospholipids is
described below for total fat. The various fatty acids that are contained in
phospholipids are the same as those present in triglycerides.

Saturated Fatty Acids

The majority of dietary saturated fatty acids come from animal products
such as meat and dairy products (USDA, 1996). The remaining comes
from plant sources. These sources provide a series of saturated fatty acids
for which the major dietary fatty acids range in chain length from 8 to
18 carbon atoms. These are:

• 8:0 Caprylic acid
• 10:0 Caproic acid
• 12:0 Lauric acid
• 14:0 Myristic acid
• 16:0 Palmitic acid
• 18:0 Stearic acid

The saturated fatty acids are not only a source of body fuel, but are
also structural components of cell membranes. Various saturated fatty acids
are also associated with proteins and are necessary for their normal
function. Saturated fatty acids can be synthesized by the body.

Fats in general, including saturated fatty acids, play a role in providing
desirable texture and palatability to foods used in the diet. Palmitic acid is
particularly useful for enhancing the organoleptic properties of fats used
in commercial products. Stearic acid, in contrast, has physical properties
that limit the amount that can be incorporated into dietary fat.
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Cis Monounsaturated Fatty Acids

Cis monounsaturated fatty acids are characterized by having one double
bond with the hydrogen atoms present on the same side of the double
bond. Typically, plant sources rich in cis monounsaturated fatty acids (e.g.,
canola oil, olive oil, and the high oleic safflower and sunflower oils) are
liquid at room temperature. Monounsaturated fatty acids are present in
foods with a double bond located at 7 (n-7) or 9 (n-9) carbon atoms from
the methyl end. Monounsaturated fatty acids that are present in the diet
include:

• 18:1n-9 Oleic acid
• 14:1n-7 Myristoleic acid
• 16:1n-7 Palmitoleic acid
• 18:1n-7 Vaccenic acid
• 20:1n-9 Eicosenoic acid
• 22:1n-9 Erucic acid

Oleic acid accounts for about 92 percent of dietary monounsaturated
fatty acids. Monounsaturated fatty acids, including oleic acid and nervonic
acid (24:1n-9), are important in membrane structural lipids, particularly
nervous tissue myelin. Other monounsaturated fatty acids, such as palmitoleic
acid, are present in minor amounts in the diet.

n-6 Polyunsaturated Fatty Acids

The primary n-6 polyunsaturated fatty acids are:

• 18:2 Linoleic acid
• 18:3 γ-Linolenic acid
• 20:3 Dihomo-γ-linolenic acid
• 20:4 Arachidonic acid
• 22:4 Adrenic acid
• 22:5 Docosapentaenoic acid

Linoleic acid cannot be synthesized by humans and a lack of it results
in adverse clinical symptoms, including a scaly rash and reduced growth.
Therefore, linoleic acid is essential in the diet. Linoleic acid is the precursor
to arachidonic acid, which is the substrate for eicosanoid production in
tissues, is a component of membrane structural lipids, and is also impor-
tant in cell signaling pathways. Dihomo-γ-linolenic acid, also formed from
linoleic acid, is also an eicosanoid precursor. n-6 Polyunsaturated fatty
acids also play critical roles in normal epithelial cell function (Jones and
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Kubow, 1999). Arachidonic acid and other unsaturated fatty acids are
involved with regulation of gene expression resulting in decreased expres-
sion of proteins that regulate the enzymes involved with fatty acid synthesis
(Ou et al., 2001). This may partly explain the ability of unsaturated fatty
acids to influence the hepatic synthesis of fatty acids.

n-3 Polyunsaturated Fatty Acids

n-3 Polyunsaturated fatty acids tend to be highly unsaturated with one
of the double bonds located at 3 carbon atoms from the methyl end. This
group includes:

• 18:3 α-Linolenic acid
• 20:5 Eicosapentaenoic acid
• 22:5 Docosapentaenoic acid
• 22:6 Docosahexaenoic acid

α-Linolenic acid is not synthesized by humans and a lack of it results
in adverse clinical symptoms, including neurological abnormalities and
poor growth. Therefore, α-linolenic acid is essential in the diet. It is the
precursor for synthesis of eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), which are formed in varying amounts in animal tissues, espe-
cially fatty fish, but not in plant cells. EPA is the precursor of n-3 eicosanoids,
which have been shown to have beneficial effects in preventing coronary
heart disease, arrhythmias, and thrombosis (Kinsella et al., 1990).

Trans Fatty Acids

Trans fatty acids are unsaturated fatty acids that contain at least one
double bond in the trans configuration. The trans double-bond configura-
tion results in a larger bond angle than the cis configuration, which in turn
results in a more extended fatty acid carbon chain more similar to that of
saturated fatty acids rather than that of cis unsaturated, double-bond–
containing fatty acids. The conformation of the double bond impacts on
the physical properties of the fatty acid. Those fatty acids containing a
trans double bond have the potential for closer packing or aligning of acyl
chains, resulting in decreased mobility; hence fluidity is reduced when
compared to fatty acids containing a cis double bond. Partial hydrogena-
tion of polyunsaturated oils causes isomerization of some of the remaining
double bonds and migration of others, resulting in an increase in the trans
fatty acid content and the hardening of fat. Hydrogenation of oils, such as
corn oil, can result in both cis and trans double bonds anywhere between
carbon 4 and carbon 16. A major trans fatty acid is elaidic acid (9-trans 18:1).
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During hydrogenation of polyunsaturated fatty acids, small amounts of several
other trans fatty acids (9-trans,12-cis 18:2; 9-cis,12-trans 18:2) are produced.
In addition to these isomers, dairy fat and meats contain 9-trans 16:1 and
conjugated dienes (9-cis,11-trans 18:2). The trans fatty acid content in foods
tends to be higher in foods containing hydrogenated oils (Emken, 1995).

Conjugated Linoleic Acid

Conjugated linoleic acid (CLA) is a collective term for a group of
geometric and positional isomers of linoleic acid in which the trans/cis
double bonds are conjugated; that is, the double bonds occur without an
intervening carbon atom not part of a double bond. At least nine different
isomers of CLA have been reported as minor constituents of food (Ha et
al., 1989), but only two of the isomers, cis-9,trans-11 and trans-10,cis-12,
possess biological activity (Pariza et al., 2001). There is limited evidence to
suggest that the trans-10,cis-12 isomer reduces the uptake of lipids by the
adipocyte, and that the cis-9,trans-11 isomer is active in inhibiting carcino-
genesis. Similarly, there are limited data to show that cis-9,trans-11 and
trans-10,cis-12 isomers inhibit atherogenesis (Kritchevsky et al., 2000).

CLA is naturally present in dairy products and ruminant meats as a
consequence of biohydrogenation in the rumen. Butyrivibrio fibrisolvens,
a ruminant microorganism, is responsible for the production of the
cis-9,trans-11 CLA isomer that is synthesized as a result of the bio-
hydrogenation of linoleic acid (Noble et al., 1974). The cis-9,trans-11
CLA isomer may be directly absorbed or further metabolized to trans-11
octadecenoic acid (vaccenic acid) (Pariza et al., 2001). After absorption,
vaccenic acid can then be converted back to cis-9,trans-11 CLA within
mammalian cells by ∆9 desaturase (Adlof et al., 2000; Chin et al., 1994;
Griinari et al., 2000; Santora et al., 2000). Additionally, the biohydrogenation
of several other polyunsaturated fatty acids has been shown to produce
vaccenic acid as an intermediate (Griinari and Bauman, 1999), thus pro-
viding additional substrate for the endogenous production of cis-9,trans-11
CLA. Griinari and coworkers (2000) estimate that approximately 64 per-
cent of the CLA in cow’s milk is of endogenous origin.

Verhulst and coworkers (1987) isolated a microorganism, Propioni-
bacterium acnes, that appears to have the ability to convert linoleic acid to
trans-10,cis-12 CLA, an isomer of CLA that is found in rumen digesta
(Fellner et al., 1999). Trans-10 octadecenoic acid is formed in the rumen
via biohydrogenation of trans-10,cis-12 CLA, and both have been reported to
be found in cow’s milk (Griinari and Bauman, 1999). However, endogenous
production of trans-10,cis-12 CLA from trans-10 octadecenoic acid does not
occur because mammalian cells do not possess the ∆12 desaturase enzyme
(Adlof et al., 2000; Pariza et al., 2001). Therefore, any trans-10,cis-12 CLA
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isomer that is reported in mammalian tissue or sera would likely originate
from gastrointestinal absorption.

Physiology of Absorption, Metabolism, and Excretion

Total Fat

Absorption. Dietary fat undergoes lipolysis by lipases in the gastro-
intestinal tract prior to absorption. Although there are lipases in the saliva
and gastric secretion, most lipolysis occurs in the small intestine. The
hydrolysis of triacylglycerol is achieved through the action of pancreatic
lipase, which requires colipase, also secreted by the pancreas, for activity.
In the intestine, fat is emulsified with bile salts and phospholipids secreted
into the intestine in bile, hydrolyzed by pancreatic enzymes, and almost
completely absorbed. Pancreatic lipase has high specificity for the sn-1 and
sn-3 positions of dietary triacylglycerols, resulting in the release of free
fatty acids from the sn-1 and sn-3 positions and 2-monoacylglycerol. These
products of digestion are absorbed into the enterocyte, and the triacyl-
glycerols are reassembled, largely via the 2-monoacylglycerol pathway. This
pathway conserves the fatty acid at the sn-2 position. The triacylglycerols
are then assembled together with cholesterol, phospholipid, and apoproteins
into chylomicrons. Following absorption, fatty acids of carbon chain length
12 or less may be transported as unesterified fatty acids bound to albumin
directly to the liver via the portal vein, rather than acylated into
triacylglycerols.

Dietary phospholipids are hydrolyzed by pancreatic phospholipase A2
and cholesterol esters by pancreatic cholesterol ester hydrolase. The lyso-
phospholipids are re-esterified and packaged together with cholesterol and
triacylglycerols in intestinal lipoproteins or transported as lysophospholipid
via the portal system to the liver.

Chylomicrons enter the circulation through the thoracic duct. These
particles enter the circulation and within the capillaries of muscle and
adipose tissue. Chylomicrons come into contact with the enzyme lipo-
protein lipase, which is located on the surface of capillaries. Activation of
lipoprotein lipase apolipoprotein CII, an apoprotein present on chylo-
microns, results in the hydrolysis of the chylomicron triacylglycerol fatty
acids. Most of the fatty acids released in this process are taken up by adipose
tissue and re-esterified into triacylglycerol for storage. Triacylglycerol fatty
acids also are taken up by muscle and oxidized for energy or are released
into the systemic circulation and returned to the liver.
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Metabolism. Most newly absorbed fatty acids enter adipose tissue for
storage as triacylglycerol. However, in the postabsorptive state or during
exercise when fat is needed for fuel, adipose tissue triacylglycerol under-
goes lipolysis and free fatty acids are released into the circulation. Hydrolysis
occurs via the action of the adipose tissue enzyme hormone-sensitive lipase.
The activity of this lipase is suppressed by insulin. When plasma insulin
concentrations fall in the postabsorptive state, hormone-sensitive lipase is
activated to release more free fatty acids into the circulation. Thus, in the
postabsorptive state, free fatty acid concentrations in plasma are high;
conversely, in the postprandial state, hormone-sensitive lipase activity is
suppressed and free fatty acid concentrations in plasma are low.

Free fatty acids circulate in the blood bound to albumin. The major
site of fatty acid oxidation is skeletal muscle. When free fatty acid concen-
trations are relatively high, muscle uptake of fatty acids is also high. As in
liver, fatty acids in the muscle are transported via a carnitine-dependent
pathway into mitochondria where they undergo β-oxidation, which involves
removal of two carbon fragments. These two carbon units enter the citric
acid cycle as acetyl coenzyme A (CoA), through which they are completely
oxidized to carbon dioxide with the generation of large quantities of high-
energy phosphate bonds, or they condense to form ketone bodies. Muscle
can oxidize both fatty acids and glucose for energy. However, the uptake
of fatty acids in excess of the needs for oxidation for energy by muscle
does result in temporary storage as triacylglycerol (Bessesen et al., 1995).
High uptake of fatty acids by skeletal muscle also reduces glucose uptake
by muscle and glucose oxidation (Pan et al., 1997; Roden et al., 1996).

Fatty acids released from adipose tissue or to a lesser extent during
hydrolysis of chylomicron and very low density lipoprotein (VLDL)
triacylglycerols are also taken up and oxidized by the liver. Oxidation of
fatty acids containing up to 18 carbon atoms occurs mainly in the mito-
chondria. Oxidation of excess fatty acids in the liver, which occurs in pro-
longed fasting and with high intakes of medium-chain fatty acids, results in
formation of large amounts of acetyl CoA that exceed the capacity for
entry to the citric acid cycle. These 2-carbon acetyl CoA units condense to
form ketone bodies (e.g., acetoacetate and β-hydroxybutyrate) that are
released into the circulation. During starvation or prolonged low carbohy-
drate intake, ketone bodies can become an important alternate energy
substrate to glucose for the brain and muscle. High dietary intakes of
medium-chain fatty acids also result in the generation of ketone bodies.
This is explained by the carnitine-independent influx of medium-chain
fatty acids into the mitochondria, thus by-passing this regulatory step of
fatty acid entry into β-oxidation. Fatty acids of greater than 18 carbon
atoms require chain shortening in peroxisomes prior to mitochondrial
β-oxidation.
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Fatty acids that do not enter into oxidative pathways can be re-esterified
into triacylglycerols or other lipids. The major pathway for triacylglycerol
synthesis in liver is the 3-glycerophosphate pathway, which shows a high
degree of specificity for saturated fatty acids at the sn-1(3) position and for
unsaturated fatty acids at the sn-2 position. In the liver, triacylglycerols can
either be stored temporarily or incorporated into triacylglycerol-rich VLDL
and released into the plasma. The triacylglycerol fatty acids of VLDL have
the same fate as chylomicron triacylglycerol fatty acids. When VLDL
triacylglycerols undergo lipolysis, the remaining triacylglycerol-depleted
particle is called a VLDL remnant. These remnants are either removed
directly by the liver or they are further metabolized in the vascular com-
partment to form low density lipoproteins (LDL).

Excretion. Fatty acids are generally catabolized entirely by oxidative
processes from which the only excretion products are carbon dioxide and
water. Small amounts of ketone bodies produced by fatty acid oxidation
are excreted in urine. Fatty acids are present in the cells of the skin and
intestine, thus small quantities are lost when these cells are sloughed.

Saturated Fatty Acids

Absorption. When saturated fatty acids are ingested along with fats con-
taining appreciable amounts of unsaturated fatty acids, they are absorbed
almost completely by the small intestine. In general, the longer the chain
length of the fatty acid, the lower will be the efficiency of absorption.
However, unsaturated fatty acids are well absorbed regardless of chain
length. Studies with human infants have shown the absorption to be 75,
62, 92, and 94 percent of palmitic acid, stearic acid, oleic acid, and linoleic
acid, respectively, from vegetable oils (Jensen et al., 1986). The absorption
of palmitic acid and stearic acid from human milk is higher than from cow
milk and vegetable oils (which are commonly used in infant formulas)
because of the specific positioning of these long-chain saturated fatty acids
at the sn-2 position of milk triacylglycerols (Carnielli et al., 1996a; Jensen,
1999). The intestinal absorption of palmitic acid and stearic acid from
vegetable oils was 75 to 78 percent compared with 91 to 97 percent from
fats with these fatty acids in the sn-2 position (Carnielli et al., 1996a). Still,
absorption of stearic acid was over 90 percent complete in healthy adults
when contained in triacylglycerols of mixed fatty acids (Bonanome and
Grundy, 1989). Long-chain saturated fatty acids released into the lumen
through the action of pancreatic lipase are less readily solubilized into
mixed micelles than are unsaturated fatty acids; in the alkaline pH of the
intestine they can form insoluble soaps with calcium and other divalent
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cations and can be excreted (Carnielli et al., 1996a; Lucas et al., 1997;
Tomarelli et al., 1968). Following absorption, long-chain saturated fatty
acids are re-esterified along with other fatty acids into triacylglycerols and
released in chylomicrons. Medium-chain saturated fatty acids (C8:0 and
C10:0) are absorbed and transported bound to albumin as free fatty acids
in the portal circulation and cleared by the liver. About two-thirds of lauric
acid (C12:0) is transported with chylomicron triacylglycerols, whereas the
remaining one-third enters the portal circulation as free fatty acids.

Metabolism. Pathways of oxidation of saturated fatty acids are similar
to those for other types of fatty acids (see earlier section, “Total Fat”).
Unoxidized stearic acid (9 to 14 percent) is rapidly desaturated and con-
verted to the monounsaturated fatty acid, oleic acid (Emken, 1994; Rhee
et al., 1997). For this reason, dietary stearic acid has metabolic effects that
are closer to those of oleic acid rather than those of other long-chain
saturated fatty acids. The saturated fatty acids, in contrast to cis mono- or
polyunsaturated fatty acids, have a unique property in that they suppress
the expression of LDL receptors (Spady et al., 1993). Through this action,
dietary saturated fatty acids raise serum LDL cholesterol concentrations
(Mustad et al., 1997).

Excretion. Saturated fatty acids, like other fatty acids, are generally com-
pletely oxidized to carbon dioxide and water.

cis-Monounsaturated Fatty Acids

Absorption. The absorption of cis-monounsaturated fatty acids (based
on oleic acid data) is in excess of 90 percent in adults and infants (Jensen
et al., 1986; Jones et al., 1985). The pathways of cis-monounsaturated fat
digestion and absorption are similar to those of other fatty acids (see
earlier section, “Total Fat”).

Metabolism. Oleic acid, the major monounsaturated fatty acid in the
body, is derived mainly from the diet. Small amounts also come from
desaturation of stearic acid. Stable isotope tracer methods have shown that
approximately 9 to 14 percent of dietary stearic acid is converted to oleic
acid in vivo (Emken, 1994; Rhee et al., 1997). Based on the amount of
stearic acid in the average diet (approximately 3 percent of energy),
desaturation of dietary stearic acid is not a main source of oleic acid in the
body. Oleic acid is oxidized, as are all other fatty acids, by β-oxidation.
However, there is some evidence that oxidation of chylomicron-derived
oleic acid is significantly greater than for palmitic acid (Schmidt et al.,
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1999). The metabolic implications of the differential rates of oxidation of
saturated, monounsaturated, and cis n-6 and n-3 fatty acids are not clear.

Excretion. Because oleic acid is highly absorbed, little is excreted. As
for other fatty acids, the oxidation of monounsaturated fatty acids results
in production of carbon dioxide and water.

n-6 Polyunsaturated Fatty Acids

Absorption. The digestion and absorption of n-6 fatty acids is efficient
and occurs via the same pathways as that of other long-chain fatty acids
(see earlier section, “Total Fat”).

Metabolism. Both saturated and n-9 monounsaturated fatty acids can
be synthesized from the carbon moieties of carbohydrate and protein.
Mammalian cells do not have the enzymatic ability to insert a cis double
bond at the n-6 position of a fatty acid chain, thus n-6 fatty acids are essen-
tial nutrients. The parent fatty acid of the n-6 series is linoleic acid. Studies
using isotopically labeled linoleic acid have shown that adults and new-
born infants can desaturate and elongate linoleic acid to form arachidonic
acid (Emken et al., 1998, 1999; Salem et al., 1996; Sauerwald et al., 1997).
The elongation of linoleic acid involves the sequential addition of two
carbon units and desaturation involves insertion of a methylene-interrupted
double bond towards the carboxyl terminus, thus preserving the position
of the first n-6 double bond. These longer-chain, more polyunsaturated
n-6 fatty acids are found primarily in membrane phospholipids, and since
they can be formed only in animal cells, arachidonic acid is present in the
diet only in animal tissue lipids.

Recent studies using stable isotopically labeled fatty acids to investi-
gate the effect of gestational age and intrauterine growth on essential fatty
acid desaturation and elongation have shown that the conversion of
linoleic to arachidonic acid occurs as early as 26 weeks of gestation, and is
in fact more active at earlier gestational ages (Uauy et al., 2000a). In addi-
tion to its role as a precursor to dihomo-γ-linolenic acid and arachidonic
acid, linoleic acid has a specific role in acylceramides, which are important
in maintaining the epidermal water barrier (Hansen and Jensen, 1985).

The 18 and 20 carbon n-9, n-6, and n-3 fatty acids compete for a common
∆6 and ∆5 desaturase. In vitro studies have shown the ∆6 desaturase enzymes
preference occurs in the order 18:3n-3 > 18:2n-6 > 18:1n-9 (Brenner, 1974;
Castuma et al., 1977). The formation of arachidonic acid and n-3 fatty acid
metabolites also appears to be inhibited by the products of the reaction
and by high amounts of substrate. Thus, high intakes of n-3 fatty acids or
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arachidonic and linoleic acids will reduce the efficiency of conversion of
linoleic acid to arachidonic acid and α-linolenic acid to its products
(Emken et al., 1994, 1998, 1999). For example, Emken and coworkers
(1994) reported that an intake of 30 g/d of linoleic acid resulted in a 40 to
54 percent lower conversion of stable isotopically labeled linoleic and
α-linolenic acid to their metabolites compared to an intake of 15 g/d in
healthy men. High dietary intakes of n-3 fatty acids result in reduced tissue
arachidonic acid concentrations and synthesis of arachidonic acid-derived
eicosanoids, with consequent effects on the balance of n-6 and n-3 fatty
acid-derived eicosanoids that are produced. The reduction in arachidonic
acid-derived eicosanoids due to high n-3 fatty acid intake involves effects
on pathways of eicosanoid formation, in addition to reducing concentra-
tions of precursor arachidonic acid availability.

Both the rate of oxidation to carbon dioxide and water and the acylation
into different lipids differ among fatty acids of different chain length and
unsaturation. Arachidonic acid is primarily found in tissue phospholipids,
rather than in triacylglycerols or cholesterol esters. Retroconversion of
adrenic acid to arachidonic acid occurs through cleavage of a 2-carbon
unit from the carboxyl end of the fatty acid and may be important in
maintaining adequate tissue concentrations of arachidonic acid. Besides
being elongated to longer-chain fatty acids, arachidonic acid is the pre-
cursor to a number of eicosanoids (prostaglandins, thromboxanes, and
leukotienes) that are involved in platelet aggregation, hemodynamics, and
coronary vascular tone, which can have an effect on the onset of athero-
genesis and coronary infarction (Kinsella et al., 1990).

Excretion. n-6 Fatty acids are almost completely absorbed and are
either incorporated into tissue lipids, utilized in eicosanoid synthesis, or
oxidized to carbon dioxide and water. Small amounts are lost during
sloughing of cells from skin and other epithelial membranes.

n-3 Polyunsaturated Fatty Acids

Absorption. The digestion and absorption of n-3 fatty acids is similar to
that of other long-chain fatty acids.

Metabolism. Humans are unable to insert a double bond at the n-3
position (cis 15) of a fatty acid of 18 carbons in length, and thus require a
dietary source of n-3 fatty acids. The n-3 fatty acids cannot be formed from
saturated, n-9 monounsaturated, or n-6 polyunsaturated fatty acids. The
parent fatty acid of the n-3 series is α-linolenic acid, which can be further
metabolized by elongation and desaturation to longer-chain, more highly
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unsaturated metabolites using the same pathway and enzymes as those
used for the n-6 fatty acids. α-Linolenic acid is desaturated by ∆6 desaturase,
elongated, and then desaturated by ∆5 desaturase to form EPA, which is
the precursor for series 3 eicosanoids and series 5 leukotrienes. The path-
way leading from EPA to more highly unsaturated fatty acids involves the
addition of two 2-carbon units, then a second ∆6 desaturation, after which
the 24-carbon-chain fatty acid is transported to the peroxisomes and con-
verted to DHA through one step of β-oxidation (Sprecher et al., 1995;
Voss et al., 1991). DHA is a component of membrane structural lipids that
are enriched in certain phospholipids, such as the ethanolamine phospho-
glycerides and phosphatidylserine in nervous tissue, retina, and spermatozoa.
α-Linolenic acid is not known to have any specific functions other than to
serve as a precursor for synthesis of EPA and DHA.

High dietary intakes of EPA and DHA result in decreased tissue con-
centrations of arachidonic acid and increased concentrations of EPA and
DHA, respectively. This results in changes in the balance of eicosanoids
synthesized from the n-6 and n-3 fatty acids. The ability to convert α-linolenic
acid to EPA and DHA differs among mammalian species. Studies using
isotopically labeled α-linolenic acid, however, have shown that adults and
newborn infants can desaturate and elongate α-linolenic acid to form DHA
(Carnielli et al., 1996b; Salem et al., 1996; Sauerwald et al., 1996, 1997;
Uauy et al., 2000a; Vermunt et al., 2000). Recent studies with infants have
shown that the rates of conversion of α-linolenic acid to DHA appear to be
higher in preterm infants and decrease with increasing gestational age
(Uauy et al., 2000a). These types of studies have also shown that high
intakes of α-linolenic acid result in reduced conversion to DHA (Vermunt
et al., 2000).

Whereas the retroconversion of adrenic acid to maintain tissue
arachidonic acid requires the removal of only a single 2-carbon unit, the
retroconversion of DHA to EPA is more complex and involves the removal
of the double bond at the ∆4 position, in addition to a 2-carbon unit.
Supplementation with DHA is accompanied by an increase in EPA, which
could be explained by retroconversion of DHA to EPA or by inhibition of
further metabolism of EPA formed from α-linolenic acid (Brossard et al.,
1996; Conquer and Holub, 1996; Nelson et al., 1997; Vidgren et al., 1997).

Excretion. n-3 Fatty acids are almost completely absorbed and either
oxidized to carbon dioxide and water, incorporated into tissue lipids, or
utilized in eicosanoid synthesis. Small amounts of n-3 fatty acids are lost
during sloughing of skin and other epithelial cells.
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Trans Fatty Acids

Absorption. As with other fatty acids, the coefficient of absorption of
elaidic acid (18:1t) is about 95 percent (Emken, 1979). Studies in humans
using pure triacylglycerols containing deuterated cis and trans octadecenoic
acid isomers varying in melting point and double bond position suggest
that the presence of trans double bonds in the fatty acyl chain has no
measurable effect on efficiency of absorption (Emken, 1979, 1984).

Transport. Trans fatty acids are transported similarly to other dietary
fatty acids and are distributed within the cholesteryl ester, triacylglycerol,
and phospholipid fractions of lipoproteins (Vidgren et al., 1998). Platelet
lipids also contain trans fatty acids and their composition reflects trans fatty
acid intake, as do other tissues (except the brain) (Mensink and Hornstra,
1995).

Metabolism. The trans isomers of oleic acid and linoleic acid that are
formed during partial hydrogenation of unsaturated vegetable oils have
been suggested to have potential adverse effects on fetal and infant growth
and development through inhibition of the desaturation of linoleic acid
and α-linolenic acid to arachidonic acid and DHA, respectively (Koletzko,
1992; van Houwelingen and Hornstra, 1994). Many animal and in vitro
studies, however, have involved much higher amounts of trans than all-cis
polyunsaturated fatty acids (Hwang et al., 1982; Shimp et al., 1982). Other
animal studies have suggested that the deleterious effects seen with high
intakes of trans fatty acid do not occur with amounts comparable to those
consumed in a normal human diet containing sufficient amounts of
linoleic acid (Bruckner et al., 1982; Zevenbergen et al., 1988).

Available animal and human data indicate that adipose tissue trans
fatty acid content reflects the content of the diet and that selective accu-
mulation does not occur (Emken, 1984). More recent attention has been
focused on validating the use of adipose trans fatty acid content as a mea-
sure of long-term dietary intake. In a study of Canadian individuals, Chen
and colleagues (1995b) reported that adipose tissue trans fatty acid pat-
terns, particularly those isomers found in partially hydrogenated vegetable
fat, reflected dietary sources. Garland and coworkers (1998) also reported
that adipose tissue trans fatty acid patterns correlated with intake and noted
a stronger relationship with the isomers found in vegetable fat rather than
animal fat. The authors cautioned that the later conclusion may have been
due to the smaller between-person variability with animal versus vegetable
trans fatty acid intake. In a letter to the editor regarding this study, Aro
and Salminen (1998) suggested that the stronger correlation between
adipose tissue trans fatty acid isomers found in hydrogenated vegetable fat
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rather than animal fat may be attributable to different rates of metabolism
of the trans isomers. Two groups have used adipose tissue trans fatty acid to
corroborate dietary trans fatty acid intake derived from food frequency
questionnaires and found a strong relationship (Lemaitre et al., 1998;
London et al., 1991). Despite these observations, it should be noted that
adipose tissue trans fatty acid profiles can be confounded by the retention
of intermediate products of β-oxidation (Emken, 1995).

Excretion. Trans fatty acids are completely catabolized to carbon
dioxide and water.

Clinical Effects of Inadequate Intakes

Total Fat

Impaired Growth. Dietary fat is a major source of body fuel. If intakes
of fat, along with carbohydrate and protein, are inadequate to meet energy
needs, the individual will be in negative energy balance. Depending on
the severity and duration, this may lead to malnutrition or starvation. In
an energy-sufficient diet, carbohydrate can replace fat as a source of
energy. In some populations, fat intakes are very low and body weight and
health are maintained by high intakes of carbohydrate (Bunker et al.,
1996; Falase et al., 1973; Shintani et al., 2001). Clearly, humans have the
ability to adapt metabolically to a wide spectrum of fat-to-carbohydrate
intake ratios. In the short term, an isocaloric diet can be either very high
or very low in fat with no obvious differences in health. The critical ques-
tion therefore is, Are there optimal fat-to-carbohydrate ratios for long-
term health, and if so, what are they? One potential concern over fat
restriction is the potential for reduction in total energy intake, which is of
particular relevance for infants and children, as well as during pregnancy
when there is a relatively high energy requirement for both energy expen-
diture and for fetal development. Chapter 11 provides a detailed discussion
on fat intake and growth.

Increased Risk of Chronic Diseases. Compared to higher fat intakes, low
fat, high carbohydrate diets may modify the metabolic profile in ways that
are considered to be unfavorable with respect to chronic diseases such as
coronary heart disease (CHD) and diabetes (see Chapters 6 and 11). These
changes include a reduction in high density lipoprotein cholesterol con-
centration, an increase in serum triacylglycerol concentration, and higher
responses in postprandial glucose and insulin concentrations. This metabolic
pattern has been associated with increased risk for CHD and type 2 diabetes
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in intervention and prospective studies (see Chapter 11). Although changes
in the metabolic profile do occur, strong evidence that low fat diets actually
predispose to either CHD or diabetes does not exist. In fact, some popula-
tions that consume low fat diets and in which habitual energy intake is
relatively high have a low prevalence of these chronic diseases (Falase et
al., 1973; Shintani et al., 2001). Similarly, populations with high fat diets
(i.e., ≥ 40 percent of energy) and a low prevalence of chronic diseases
often include people who engage in heavy physical labor, are lean, and
have a low family history of chronic diseases. Conversely, in sedentary popu-
lations, such as that of the United States where overweight and obesity are
common, high carbohydrate, low fat diets induce changes in lipoprotein
and glucose/insulin metabolism in ways that could raise risk for chronic
diseases (see Chapter 11). Available prospective studies have not concluded
whether low fat, high carbohydrate diets provide a health risk in the North
American population.

Chronic nonspecific diarrhea in children has been suggested as a
potential adverse effect of low fat diets. It is considered a disorder of intes-
tinal motility that may improve with an increase in dietary fat intake in
order to slow gastric emptying and alter intestinal motility (Cohen et al.,
1979). Detailed discussion on fat intake and risk of chronic disease is pro-
vided in Chapter 11.

n-6 Polyunsaturated Fatty Acids

Certain polyunsaturated fatty acids were first identified as being essen-
tial in rats fed diets almost completely devoid of fat (Burr and Burr, 1929).
Subsequently, studies in infants and children fed skimmed cow milk
(Hansen et al., 1958, 1963) and patients receiving parenteral nutrition
without an adequate source of essential fatty acids (Collins et al., 1971;
Holman et al., 1982; Paulsrud et al., 1972) demonstrated clinical symp-
toms of a deficiency in humans. Because adipose tissue lipids in free-living,
healthy adults contain about 10 percent of total fatty acids as linoleic acid,
biochemical and clinical signs of essential fatty acid deficiency do not
appear during dietary fat restriction or malabsorption when they are
accompanied by an energy deficit. In this situation, release of linoleic acid
and small amounts of arachidonic acid from adipose tissue reserves may
prevent development of essential fatty acid deficiency. However, during
parenteral nutrition with dextrose solutions, insulin concentrations are
high and mobilization of adipose tissue is prevented, resulting in develop-
ment of the characteristic signs of essential fatty acid deficiency. Studies
on patients given fat-free parenteral feeding have provided great insight
into defining levels at which essential fatty acid deficiency may occur. With-
out intervention, these patients develop clinical signs of a deficiency
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in 2 to 4 weeks (Fleming et al., 1976; Goodgame et al., 1978; Jeppesen et
al., 1998; Riella et al., 1975). In rapidly growing infants, feeding with milk
containing very low amounts of n-6 fatty acids results in characteristic signs
of an essential fatty acid deficiency and elevated plasma triene:tetraene
ratios (see “n-6:n-3 Polyunsaturated Fatty Acid Ratio”).

When dietary essential fatty acid intake is inadequate or absorption is
impaired, tissue concentrations of arachidonic acid decrease, inhibition of
the desaturation of oleic acid is reduced, and synthesis of eicosatrienoic
acid from oleic acid increases. The characteristic signs of deficiency attrib-
uted to the n-6 fatty acids are scaly skin rash, increased transepidermal
water loss, reduced growth, and elevation of the plasma ratio of eicosatrienoic
acid:arachidonic acid (20:3n-9:20:4n-6) to values greater than 0.4 (Goodgame
et al., 1978; Holman, 1960; Jeppesen et al., 2000; Mascioli et al., 1996;
O’Neill et al., 1977). Other studies have utilized a ratio of 0.2 as indicative
of an essential fatty acid deficiency (Holman et al., 1991; Jeppesen et al.,
1998). In addition to the clinical signs mentioned above, essential fatty
acid deficiency in special populations has been linked to hematologic dis-
turbances and diminished immune response (Bistrian et al., 1981;
Boissonneault and Johnston, 1983). Further discussion on this topic is
included in “Findings by Life Stage and Gender Group—n-6 Polyunsaturated
Fatty Acids.”

n-3 Polyunsaturated Fatty Acids

Tissue levels of arachidonic acid, as well as the amounts of arachidonic
acid and EPA- derived eicosanoids that are formed, have important effects
on many physiological processes (e.g., platelet aggregation, vessel wall con-
striction, and immune cell function) via the biosynthesis of eicosanoids.
Thus, the amount of n-3 fatty acids and their effects on arachidonic acid
metabolism are relevant to many chronic diseases. EPA also appears to
have specific effects on fatty acid metabolism, resulting in inhibition of
hepatic triacylglycerol synthesis and VLDL secretion (Berge et al., 1999;
Wong and Nestel, 1987). DHA, on the other hand, is highly enriched in
specific phospholipids of the retina and nonmyelin membranes of the
nervous system.

Studies in rodents and nonhuman primates have consistently demon-
strated that prolonged feeding with diets containing very low amounts of
α-linolenic acid result in reductions of visual acuity thresholds and electro-
retinogram A and B wave recordings, which were prevented when α-linolenic
acid was included in the diet (Anderson et al., 1974; Benolken et al., 1973;
Bourre et al., 1989; Neuringer et al., 1984, 1986; Wheeler et al., 1975). A
variety of changes in learning behaviors in animals fed α-linolenic acid-
deficient diets have also been reported (Innis, 1991). These studies have
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involved feeding oils such as safflower oil, which contains less than 0.1 per-
cent α-linolenic acid and is high in linoleic acid, as the sole source of fat
for prolonged periods. The reduction in visual function is accompanied by
decreased brain and retina DHA with an increase in     docosapentaenoic
acid (DPA, 22:5n-6). The compensatory increase in 22 carbon chain n-6
fatty acids results in maintenance of the total amount of n-6 and n-3 poly-
unsaturated fatty acids in neural tissue. DPA is formed from linoleic acid
by similar desaturation and elongation steps used in the synthesis of DHA
from α-linolenic acid. However, α-linolenic acid is clearly handled differ-
ently from linoleic acid. For example, rates of β-oxidation of α-linolenic
acid are much higher than for linoleic acid (Clouet et al., 1989). This may
suggest that immaturity or reduced enzyme activity is unlikely to explain
lower DHA in the brain of young animals fed diets with low amounts of
α-linolenic acid, and that DHA has specific metabolic functions that cannot
be accomplished by DPA despite its structural similarity. Stable isotope
studies have shown that infants can convert linoleic acid to arachidonic
acid and α-linolenic acid to DHA (Carnielli et al., 1996b; Salem et al.,
1996; Sauerwald et al., 1996, 1997; Uauy et al., 2000a), with the rate of
conversion apparently higher in infants of younger gestational ages (Uauy
et al., 2000a).

Unlike essential fatty acid deficiency (n-6 and n-3 fatty acids), plasma
eicosatrienoic acid (20:3n-9) remains within normal ranges and skin atrophy
and scaly dermatitis are absent when the diet is deficient in only n-3 fatty
acids. Tissue concentrations of 22-carbon chain n-6 fatty acids increase,
and DHA concentration decreases with a prolonged dietary deficiency of
n-3 fatty acids accompanied by adequate n-6 fatty acids. Currently, there
are no accepted plasma n-3 fatty acid or n-3 fatty acid-derived eicosanoid
concentrations for indicating impaired neural function or impaired health
endpoints. Further discussion on this topic is included in the next section.

EVIDENCE CONSIDERED FOR ESTIMATING THE
REQUIREMENTS FOR TOTAL FAT AND FATTY ACIDS

Total Fat

Clinical endpoints of fat intake are trends, rather than defined end-
points, and therefore cannot be used to set an Estimated Average Require-
ment (EAR). The endpoints that strongly predict the relation of total fat
intake to the development of chronic disease have been identified and are
discussed in Chapter 11 for estimating Acceptable Macronutrient Distribu-
tion Ranges (AMDRs).
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Growth

Because the amount of fat in the diet can have an impact on energy
intake, a number of studies have been conducted to determine if diets
containing less than 30 percent of energy from fat can impair growth of
children (Boulton and Magarey, 1995; Foman et al., 1976; Lagström et al.,
1999; Lapinleimu et al., 1995; Niinikoski et al., 1997a, 1997b; Obarzanek
et al., 1997; Shea et al., 1993; Uauy et al., 2000b; Vobecky et al., 1995).
These studies showed no effect of the level of dietary fat on growth when
energy intake is adequate. Chapter 11 provides further discussion on this
topic.

Fat Balance (Maintenance of Body Weight)

Because fat is an important source of energy, studies have been con-
ducted to ascertain whether dietary fat influences energy expenditure and
the amount of fat needed in the diet to achieve fat balance and therefore
maintain body weight. These studies demonstrated that the amount of fat
in the diet does not affect energy expenditure and thus the amount of
energy required to maintain body weight (Hill et al., 1991; Leibel et al.,
1992). Chapter 11 provides further discussion on this topic.

Saturated Fatty Acids

Saturated fatty acids are a potential fuel source for the body. In addi-
tion, they are important structural fatty acids for cell membranes and other
functions and therefore are essential for body functions. These fatty acids,
however, can be synthesized as needed for these functions from other fuel
sources and have not been associated with any beneficial role in prevent-
ing chronic disease. Consequently, saturated fatty acids are not essential in
the diet.

cis-Monounsaturated Fatty Acids

Monounsaturated fatty acids are a potential fuel source for the body
and are a critical structural fatty acid for cell membranes and other func-
tions. Monounsaturated fatty acids undoubtedly are required for many
body functions. Nevertheless, monounsaturated fatty acids can be bio-
synthesized from other fuel sources and therefore are not essential in the
diet.
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n-6 Polyunsaturated Fatty Acids

Clinical signs of essential fatty acid deficiency are generally only found
in patients with chronic fat malabsorption on parenteral nutrition and
without an enteral or parenteral source of polyunsaturated fat. Early signs
of essential fatty acid deficiency include rough and scaly skin, which if left
untreated, develops into dermatitis (Jeppesen et al., 1998). In studies of
patients with dermatitis who were receiving parenteral nutrition, the ratio
of eicosatrienoic acid:arachidonic acid (20:3n-9:20:4n-6) in plasma was
elevated. As described earlier, when present in adequate amounts, linoleic
acid is converted to arachidonic acid through a multi-step process involv-
ing ∆6 and ∆5 desaturases (see Figure 8-1); however, in the absence of
linoleic acid, ∆6 and ∆5 desaturases convert oleic acid to eicosatrienoic
acid. The increase in eicosatrienoic acid concentration, which occurs in
the absence of n-6 fatty acids or the combined absence of n-6 and n-3 fatty
acids, led Holman (1960) to define a plasma triene:tetraene ratio of greater
than 0.4 as evidence of essential fatty acid deficiency. More recently, a
lower threshold of greater than 0.2 has been suggested (Holman et al.,
1979; Jeppesen et al., 1998; Mascioli et al., 1996) because the average ratio
was found to be 0.1 ± 0.08 (standard deviation) in populations of normal
n-6 fatty acid status. Optimal plasma or tissue lipid concentrations of
linoleic acid, arachidonic acid, and other n-6 fatty acids or the ratios of
certain n-6:n-3 fatty acids have not been established.

Because the n-6 fatty acid intake is generally well above the levels
needed to maintain a triene:tetraene ratio below 0.2 (even for very low fat
diets), data on n-6 fatty acid requirements from traditional metabolic
feeding studies are not available. Instead, studies with patients on total
parenteral nutrition (TPN) solutions that contained very low amounts or
were completely devoid of n-6 fatty acids have been used. In these studies,
after developing an essential fatty acid deficiency, patients were treated
with linoleic acid. Several case reports, small studies of two or three patients
in which varying feeding designs were employed, or larger studies of
patients with n-6 fatty acid deficiency caused by TPN have been docu-
mented (Barr et al., 1981; Collins et al., 1971; Goodgame et al., 1978;
Jeppesen et al., 1998; Mascioli et al., 1979; Meng, 1983; Richardson and
Sgoutas, 1975; Riella et al., 1975; Siguel et al., 1986; Wene et al., 1975;
Wong and Deitel, 1981). These studies observed symptoms such as rash,
scaly skin, and ectopic dermititis; reduced serum tetraene concentrations,
increased serum triene concentration; and a triene:tetraene ratio greater
than 0.4 after 2 to 4 weeks of TPN. Because of the lack of data on the n-6
fatty acid requirement in healthy individuals, an EAR cannot be set based
on correction of a deficiency.
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FIGURE 8-1 Biosynthesis of long-chain fatty acids.

n-3 Polyunsaturated Fatty Acids

n-3 Polyunsaturated Fatty Acid Deficiency

Some evidence for the essentiality of n-3 fatty acids in humans can be
drawn from case reports of patients receiving parenteral nutrition with
intravenous lipids containing an emulsion of safflower oil, which is very
low in α-linolenic acid and high in linoleic acid. Biochemical changes of
n-3 fatty acid deficiency include a decrease in plasma and tissue docosa-
hexaenoic acid (DHA) concentrations. There is no accepted cut-off con-
centration of plasma or tissue DHA concentrations below which functions
ascribed to n-3 fatty acids, such as visual or neural function, are impaired.
Similarly, there are no accepted normal ranges for eicosapentaenoic acid
(EPA) with respect to synthesis of EPA-derived eicosanoids or regulation
of arachidonic acid metabolism and its eicosanoid metabolites, nor are
there accepted clinical functional endpoints such as immune response.
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Dietary or intravenous supplementation with oils containing α-linolenic
acid, such as soybean oil, has been shown to increase red blood cell and
plasma phospholipid DHA concentration in hospitalized patients with a
long history of dietary n-3 fatty acid restriction (Bjerve et al., 1987a, 1987b;
Holman et al., 1982). Sensory neuropathy and visual problems in a young
girl given parenteral nutrition with an intravenous lipid emulsion contain-
ing only a small amount of α-linolenic acid were corrected when the
emulsion was changed to one containing generous amounts of α-linolenic
acid (Holman et al., 1982). Nine patients with an n-3 fatty acid deficiency
had scaly and hemorrhagic dermatitis, hemorrhagic folliculitis of the scalp,
impaired wound healing, and growth retardation (Bjerve, 1989). The pos-
sibility of other nutrient deficiencies, such as vitamin E and selenium, has
been raised (Anderson and Connor, 1989; Meng, 1983). A series of papers
have described low tissue n-3 fatty acid concentrations in nursing home
patients fed by gastric tube for several years with a powdered diet formula-
tion that provided about 0.5 to 0.6 percent of energy (0.65 to 0.86 g) as
linoleic acid, and 0.02 percent of energy (30 to 50 mg) as α-linolenic acid
(Bjerve et al., 1987a, 1987b). Skin lesions were resolved following supple-
mentation with cod liver oil and soybean oil or ethyl linolenate (Bjerve et
al., 1987a, 1987b). Concurrent deficiency of both n-6 and n-3 fatty acids in
these patients, as in studies of patients supported by lipid-free parenteral
nutrition, limits interpretation of the specific problems caused by inadequate
intakes of n-3 fatty acids. Supplementation with cod liver oil and soybean
oil, or feeding with a formula providing linoleic acid and α-linolenic acid
or ethyl α-linolenic acid for 14 days, increased red blood cell arachidonic
acid and DHA concentrations and gave some resolution of skin signs
(Bjerve et al., 1987a, 1987b). Because of the lack of data on the n-3 fatty
acid requirement in healthy individuals, an EAR cannot be set based on
correction of a deficiency.

Growth and Neural Development

The membrane lipids of brain gray matter and the retina contain very
high concentrations of DHA, particularly in the amino phospholipids
phosphatidylethanolamine and phosphatidylserine. In these tissues, the
concentration of DHA can exceed 50 percent of the fatty acids resulting in
the presence of di-DHA phospholipid species. During n-3 fatty acid defi-
ciency, DHA is tenaciously retained, thus most animal studies investigating
the importance of n-3 fatty acids have used rats deprived of n-3 fatty acids
for two or more generations. Small amounts of DHA are also present in
cell membranes throughout the body. In these tissues, the phospholipid
sn-1 chain is usually a saturated fatty acid (e.g., 16:0) and DHA is found on
the sn-2 position. The developing brain accumulates large amounts of DHA
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during pre- and postnatal development and this accumulation continues
throughout the first two years after birth (Martinez, 1992). Evidence from
autopsy analysis indicates that accumulation of DHA in the retina is com-
plete by term birth (Martinez et al., 1988). Due to the accumulation of
DHA during brain growth, the developing brain is more susceptible to n-3
fatty acid deficiency than the mature brain. However, the presence of DHA
within the membrane hydrophobic interior can influence membrane order
(fluidity), thickness, domain size, hydration, and permeability and activity
of associated proteins and ion channels. Unesterified DHA also regulates
the expression of a variety of genes and influences cell signaling mecha-
nisms (Salem et al., 2001;     Sinclair et al., 2000). Animal studies have shown
that feeding a diet very low in α-linolenic acid results in reduced brain and
retina DHA concentration, which is accompanied by reduced visual func-
tion and behavior in learning tasks (Benolken et al., 1973; Bourre et al.,
1989; Neuringer et al., 1984; Wheeler et al., 1975). The decrease in DHA
concentration in the brain and retina is compensated for by an increase in
the n-6 fatty acid docosapentaenoic acid, and this leads to maintenance of
the total polyunsaturated fatty acid content of the membrane. Reduced
growth or changes in food intake have not been noted in the extensive
number of studies in animals, including nonhuman primates fed for
extended periods on otherwise adequate diets lacking n-3 fatty acids.

The essential role of α-linolenic acid appears to be its role as precursor
for synthesis of EPA and DHA. Thus, the dietary n-3 fatty acid requirement
involves the activity of the desaturase enzymes and factors that influence
the desaturation of α-linolenic acid in addition to the amount of the n-3
fatty acid. The questions of whether term gestation infants can form DHA,
or if DHA is required in the infant diet, has been studied extensively.
Activity of ∆6 and ∆5 desaturases has been demonstrated in human fetal
tissue from as early as 17 to 18 weeks of gestation (Chambaz et al., 1985;
Rodriguez et al., 1998), and stable isotope studies have confirmed that
preterm and term infants are able to convert α-linolenic acid to DHA
(Carnielli et al., 1996b; Salem et al., 1996; Sauerwald et al., 1996, 1997;
Uauy et al., 2000a). Furthermore, the ability to convert α-linolenic acid
appears to be greater in premature infants than in older term infants
(Uauy et al., 2000a), although variability among infants is large. Current
information from stable isotope tracer studies does not provide quantita-
tive whole body or organ data on the conversion of α-linolenic acid to
DHA, whether the rate of conversion can meet the needs of the develop-
ing brain for DHA, or the effect of varying linoleic and α-linolenic acid
intakes and ratios on conversion. Experimental studies suggest that the
eye and certain brain cells, such as astrocytes, are able to synthesize DHA
from α-linolenic acid (Moore et al., 1991; Wetzel et al., 1991). The contri-
bution of synthesis of DHA in the brain and retina to the accumulation of
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DHA in these organs is not known. In vivo studies, however, have shown
that the brain does take up DHA from plasma (de la Presa Owens and
Innis, 1999; Greiner et al., 1997).

A large number of clinical trials have been completed comparing
growth, as well as measures of visual, motor, and mental development, in
term infants fed formula with no DHA or with addition of DHA to
approximate the amount in human milk. Some have included arachidonic
acid or γ-linolenic acid (18:3n-6), the ∆6 desaturase product of linoleic
acid. The results of these trials are summarized in Table 8-1. Several
aspects of design are important in evaluating these studies. These include
a prospective, double-blind design with a sufficient number of infants
randomized to control for the multiple genetic, environmental, and dietary
factors that influence infant development and to detect meaningful
treatment effects (Gore, 1999; Morley, 1998); the amount and balance of
linoleic and α-linolenic acid; the duration of supplementation; the age at
testing and tests used; and the physiological significance of any statistical
differences found. None of the studies in Table 8-1 reported differences in
growth among infants fed formulas with DHA added.

Recent large, randomized trials did not find differences in visual
evoked potential, visual acuity, or tests of mental and psychomotor devel-
opment through at least the first 18 months in term infants fed formulas
supplemented with DHA or DHA plus arachidonic acid (Auestad et al.,
1997, 2001; Lucas et al., 1999; Scott et al., 1998). These studies used for-
mulas with at least 1.1 percent α-linolenic acid and had linoleic:α-linolenic
acid ratios close to 10:1. In the study by Scott and coworkers (1998), indi-
ces of early vocabulary development were lower in infants fed formula with
DHA, but not in those fed formulas lacking DHA and arachidonic acid or
containing both DHA and arachidonic acid. Birch and coworkers (1998,
2000) reported better visual evoked potential, but not visual acuity, and
higher Bayley mental developmental indices scores in infants fed formulas
with DHA or DHA plus arachidonic acid than in infants fed standard for-
mula. Carlson and coworkers (1996a) on the other hand, found higher
visual acuity at 2 months, but not at 4, 6, 9, or 12 months, in infants fed
formula with DHA and arachidonic acid. Early studies by Makrides and
colleagues (1995) reported better visual evoked potential acuity in infants
fed formula with 0.36 percent DHA than infants given no dietary DHA.
However, this group did not confirm this finding in subsequent studies
with formulas containing 0.34 or 0.35 percent DHA (Makrides et al.,
2000b). In addition, greater problem-solving ability has been reported
among infants fed formula with DHA and arachidonic acid than in infants
fed standard formula (Willatts et al., 1998).

The effect of low n-6:n-3 ratios (high n-3 fatty acids) on arachidonic
acid metabolism is also of concern in growing infants. Several studies in
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premature infants have reported an association between feeding n-3 long-
chain fatty acids in the absence of arachidonic acid and reduced growth
(Carlson et al., 1992, 1993, 1996b; Ryan et al., 1999). Scott and coworkers
(1998) reported lower indices of language development in term infants
fed formula with DHA, although not in infants fed formula with both
DHA and arachidonic acid or with no DHA and arachidonic acid. Human
milk from women in the United States and Canada following usual diets
contains both arachidonic acid and DHA, usually in the range of 1:1 to
2:1. No evidence of reduced growth or outcome on developmental tests
have been reported for infants fed formulas with both arachidonic acid
and DHA in amounts similar to that contained in human milk. Infants fed
formula with a ratio of linoleic:α-linolenic acid of 4.8:1 and no arachidonic
acid had lower growth, as well as lower plasma arachidonic acid status,
than infants fed a formula with a ratio of 44:1 (Jensen et al., 1997), and no
differences in growth were found between infants fed formulas containing
linoleic:α-linolenic acid ratios of 9.7:1 and 18.2:1. Additionally, no differ-
ences in growth were found among infants fed formulas with 1.7 or 3.3
percent α-linolenic acid with linoleic:α-linolenic acid ratios of 10:1 or 5:1,
respectively (Makrides et al., 2000a).

In conclusion, randomized clinical studies on growth or neural devel-
opment with term infants fed formulas currently yield conflicting results
on the requirements for n-3 fatty acids in young infants, but do raise
concern over supplementation with long-chain n-3 fatty acids without
arachidonic acid. For these reasons, growth and neural development could
not be used to set an EAR.

Trans Fatty Acids and Conjugated Linoleic Acid

Small amounts of trans fatty acids and conjugated linoleic acid are
present in all diets. They can serve as a source of fuel energy for the body.
However, there are no known requirements for trans fatty acids and conju-
gated linoleic acid for specific body functions.

FACTORS AFFECTING THE REQUIREMENTS

Fat Absorption and Aging

Aging in humans has been associated with a decrease in liver size and
hepatic blood flow, slightly decreased serum albumin concentrations, and
normal routine liver chemistries (Russell, 1992). Pancreatic secretion after
initial stimulation with either secretin or pancreozymin is not diminished
with age (Bartoss and Groh, 1969). Similarly, 72-hour fecal fat excretion in
response to a dietary fat challenge in young (19 to 44 years of age) and old
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TABLE 8-1 Randomized Studies of n-3 Fatty Acids and Neural
and Visual Development in Full-Term, Formula-Fed Infants

Reference Study Populationa Test/Ageb Fatty Acidc

Agostoni et al., n = 29 formula Brunet-Lézine
1995 n = 29 formula + psychomotor 18:2n-6

LC-PUFA development 18:3n-3
test 18:3n-6 (GLA)

4 mo 20:4n-6 (AA)
22:6n-3 (DHA)

Makrides et al., n = 14 formula VEP acuity
1995 n = 12 formula + 16, 30 wk 18:2n-6

LC-PUFA 18:3n-3
18:3n-6 (GLA)
20:4n-6 (AA)
22:6n-3 (DHA)

Carlson et al., n = 20 formula Visual acuity
1996a n = 19 formula + 2, 4, 6, 9, 12 mo 18:2n-6

DHA + AA 18:3n-3
20:4n-6 (AA)
22:6n-3 (DHA)

Agostoni et al., n = 30 formula DQ
1997 n = 26 formula + 24 mo 18:2n-6

 LC-PUFA 18:3n-3
18:3n-6 (GLA)
20:4n-6 (AA)
22:6n-3 (DHA)

Auestad et al., n = 45 formula Sweep VEP
1997 n = 43 formula + 2, 4, 6, 9, 12 mo

DHA 18:2n-6
n = 46 formula + Visual acuity 18:3n-3

DHA + AA 2, 4, 6, 9, 12 mo 20:4n-6 (AA)
22:6n-3 (DHA)

Jensen et al., n = 20 each group VER
1997 4 mo 18:2n-6

18:3n-3
18:2n-6:18:3n-3

ratio

Birch et al., 1998 n = 21 formula Sweep VEP
n = 20 formula + acuity

DHA 6, 17, 26, 52 wk 18:2n-6
n = 19 formula + 18:3n-3

DHA + AA Visual acuity 20:4n-6 (AA)
6, 17, 26, 52 wk 22:6n-3 (DHA)
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Fatty Acid Content (% of fatty acids) Results

Formula Formula + LC-PUFA Infants consuming formula
11.1 10.8 supplemented with LC-PUFA
0.70 0.73 scored significantly higher than

— 0.30 standard formula group
— 0.44
— 0.30

Formula Formula + LC-PUFA VEP acuity better in infants fed
16.79 17.44 supplemented formula than in
1.58 1.52 infants fed standard formula
0.05 0.27

— 0.01
0.36

Formula Formula + DHA + AA Infants fed formula supplemented
21.9 21.8 with DHA + AA had higher
2.2 2.0 visual acuity than infants fed

— 0.43 standard formula at 2 mo, but
— 0.10 not at 4, 6, 9, or 12 mo

Formula Formula + LC-PUFA No differences in DQ values
11.1 10.8
0.70 0.73

— 0.30
— 0.44
— 0.30

Formula + Formula + No differences in VEP or visual
Formula DHA DHA + AA acuity
21.9 20.7 21.7
2.2 1.9 1.9

— — 0.43
— 0.23 0.12

Formula #1 #2 #3 #4 No differences in VER
17.6 17.3 16.5 15.6 Infants fed formula with a ratio of
0.4 0.95 1.7 3.2 4.8 weighed less than infants fed

44.0 18.2 9.7 4.8 formula with a ratio of 44

Formula + Formula + Sweep VEP acuity better in infants
Formula DHA DHA + AA fed supplemented formulas than
14.6 15.1 14.9 in infants fed standard formula at
1.49 1.54 1.53 6, 17, and 52 wk, but not 26 wk

— 0.02 0.72 Visual acuity not different between
— 0.35 0.36 groups

continued
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(70 to 91 years of age) individuals suggests little change in the capacity to
absorb fat (Arora et al., 1989). The ratio of mean surface area to volume of
jejunal mucosa has been reported not to differ between young and old
individuals (Corazza et al., 1986). Total gastrointestinal transit time
appears to be similar between young and elderly individuals (Brauer et al.,

TABLE 8-1 Continued

Reference Study Populationa Test/Ageb Fatty Acidc

Jørgensen et al., n = 11 formula Sweep VEP
1998 n = 12 formula + acuity

DHA 4 mo 18:2n-6
n = 14 formula + 18:3n-3

DHA + GLA 18:3n-6 (GLA)
20:4n-6 (AA)
22:6n-3 (DHA)

Scott et al., 1998 n = 42–45 formula Bayley scales of
n = 33–43 formula + infant

DHA development 18:2n-6
n = 38–46 formula + 12 mo 18:3n-3

DHA + AA 20:4n-6 (AA)
MacArthur 22:6n-3 (DHA)

communicative
development

14 mo

Lucas et al., n = 125 formula Bayley scales of
1999 n = 125 formula + infant 18:2n-6

LC-PUFA development 18:3n-3
18 mo 20:4n-6 (AA)

22:6n-3 (DHA)

Makrides et al., n = 30 10:1 formula VEP acuity
 2000a n = 28 5:1 formula 16, 34 wk 18:2n-6

18:3n-3

Makrides et al., n = 21 formula VEP acuity
2000b n = 23 formula + 16, 34 wk

DHA 18:2n-6
 n = 24 formula + Bayley scales of 18:3n-3

DHA + AA infant 20:4n-6 (AA)
development 22:6n-3 (DHA)

12, 24 mo

a LC-PUFA = long chain polyunsaturated fatty acids.
b VEP = visual evoked potential, DQ = developmental quotient, VER = visual evoked
response.
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1981). Documented changes with age may be confounded by the inclu-
sion of a subgroup with clinical disorders (e.g., atrophic gastritis). The
presence of bile salt-splitting bacteria normally present in the small intes-
tine of humans is of potential significance to fat absorption. No evidence
of bacterial overgrowth has been reported in older individuals (Arora et

c GLA = γ-linolenic acid, AA = arachidonic acid, DHA = docosahexaenoic acid.

Fatty Acid Content (% of fatty acids) Results

Formula + Formula + No differences in VEP acuity
Formula DHA DHA + GLA
12.01 11.95 12.67
1.20 1.20 1.17

— — 0.54
— 0.06 0.06
— 0.32 0.32

Formula + Formula + No differences in mental and
Formula DHA DHA + AA psychomotor development
21.9 20.7 21.7 Vocabulary production and
2.2 1.9 1.9 comprehension lower in the

— — 0.43 formula + DHA group
— 0.23 0.12

Formula Formula + LC-PUFA No differences in mental and
12.4 15.9 psychomotor development
1.1 1.4

— 0.30
— 0.32

10:1 Formula 5:1 Formula No differences in VEP acuity
16.9 16.6
1.7 3.3

Formula + Formula + No differences in VEP acuity or
Formula DHA DHA + AA Bayley scales of mental and
16.8 16.8 16.6 psychomotor development
1.5 1.2 1.0
— — 0.34
— 0.35 0.34
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al., 1989). In addition, increases in fat malabsorption have not been dem-
onstrated in normal elderly compared to younger individuals (Russell,
1992).

Exercise

Imposed physical activity decreased the magnitude of weight gain in
nonobese volunteers given access to high fat diets (60 percent of energy)
(Murgatroyd et al., 1999). In the exercise group, energy and fat balances
(fat intake + fat synthesis – fat utilization) were not different from zero.
Thus, high fat diets may cause positive fat balance, and therefore weight
gain, only under sedentary conditions. These results are consistent with
epidemiological evidence that show interactions between dietary fat, physical
activity, and weight gain (Sherwood et al., 2000). Higher total fat diets can
probably be consumed safely by active individuals while maintaining body
weight. Although in longitudinal studies of weight gain, where dietary fat
predicts weight gain independent of physical activity, it is important to
note that physical activity may account for a greater percentage of the
variance in weight gain than does dietary fat (Hill et al., 1989). Another
endpoint that merits consideration is physical performance. High fat diets
(69 percent of energy) do not appear to compromise endurance in trained
athletes (Goedecke et al., 1999); however, athletes may not be able to train
as effectively on short-term (less than 6 days) intakes of a high fat diet as
on a high carbohydrate diet (Helge, 2000). This effect on training was not
observed following long-term adaptation of high fat diets.

Genetic Factors

Studies of the general population may underestimate the importance
of dietary fat in the development of obesity in subsets of individuals. Some
data indicate that genetic predisposition may modify the relationship
between diet and obesity (Heitmann et al., 1995). Additionally, some indi-
viduals with relatively high metabolic rates appear to be able to consume
high fat diets (44 percent of energy) without obesity (Cooling and
Blundell, 1998). Intervention studies have shown that those individuals
susceptible to weight gain and obesity appear to have an impaired ability
to increase fat oxidation when challenged with high fat meals and diets
(Astrup et al., 1994; Raben et al., 1994). Animal studies show that there
are important gene and dietary fat interactions that influence the ten-
dency to gain excessive weight on a high fat diet (West and York, 1998).
Once these genes are identified, further studies in humans will be feasible.
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Alcohol

Alcohol is metabolized to acetylcoenzyme A in the liver and can enter
all normal pathways for acetate metabolism, including the synthesis of
fatty acids. The formation of nicotinamide adenine dinucleotide, resulting
from ethanol oxidation, serves as a cofactor for fatty acid biosynthesis
(Eisenstein, 1982). Similar to carbohydrate, alcohol consumption creates
a shift in postprandial substrate utilization to reduce the oxidation of fatty
acids (Schutz, 2000). Significant intake of alcohol (23 percent of energy)
can depress fatty acid oxidation to a level equivalent to storing as much as
74 percent as fat (Murgatroyd et al., 1996). If the energy derived from
alcohol is not utilized, the excess is stored as fat (Suter et al., 1992).

Interaction of n-6 and n-3 Fatty Acid Metabolism

The n-6 and n-3 unsaturated fatty acids are believed to be desaturated
and elongated using the same series of desaturase and elongase enzymes
(see Figure 8-1). The rate-limiting steps are the desaturases, rather than
the elongase, enzymes. In vitro, the ∆6 desaturase shows clear substrate
preference in the following order: α-linolenic acid > linoleic acid > oleic
acid (Brenner, 1974). In addition, the formation of docosahexaenoic acid
(DHA) from tetracosapentenoic acid (24:5n-3) involves a ∆6 desaturation
to 24:6n-3 and then β-oxidation to yield 22:6n-3 (DHA) (Sprecher, 1992).
It is not known if these are the ∆6 desaturases that are responsible for
metabolism of linoleic acid and α-linolenic acid or a different enzyme
(Cho et al., 1999). Many studies, primarily in laboratory animals, have
provided evidence that the balance of linoleic and α-linolenic acid is
important in determining the amounts of arachidonic acid, eicosapentaenoic
acid (EPA), and DHA in tissue lipids. An inappropriate ratio may involve
too high an intake of either linoleic acid or α-linolenic acid, too little of
one fatty acid, or a combination leading to an imbalance between the two
series. The provision of preformed carbon chain n-6 and n-3 fatty acids
results in rapid incorporation into tissue lipids. Thus, the linoleic:α-linolenic
acid ratio is likely to be of most importance for diets that are very low in or
devoid of arachidonic acid, EPA, and DHA. The importance of the dietary
linoleic:α-linolenic acid ratio for diets rich in arachidonic acid, EPA, and
DHA is not known. Arachidonic acid is important for normal growth in
rats (Mohrhauer and Holman, 1963). Later in life, risk of certain diseases
may be altered by arachidonic acid and arachidonic acid-derived eicosanoids.
Consequently, the desirable range of n-6:n-3 fatty acids may differ with life
stage.

The regulation of n-6 and n-3 fatty acid metabolism is complex as the
conversion of linoleic acid to arachidonic acid is inhibited by EPA and
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DHA in humans, as well as arachidonic acid, α-linolenic acid, and linoleic
acid itself (Chen and Nilsson, 1993; Emken et al., 1994, 1998, 1999;
Sauerwald et al., 1996). Similarly, stable isotope studies have shown that
increased intakes of α-linolenic acid result in decreased conversion of
linoleic acid to its metabolites, and the amounts metabolized to longer-
chain metabolites is inversely related to the amount oxidized (Vermunt et
al., 2000). Unfortunately, very few studies are available on the rates of
formation of arachidonic acid and DHA from their precursors in humans
fed diets differing in linoleic acid and α-linolenic acid content, and with
or without controlled amounts of arachidonic acid, EPA, and DHA.

Arachidonic acid is a precursor to a number of eicsanoids (e.g.,
thromboxane A2, prostacylcin, and leukotriene B4). These eicosanoids
have been shown to have beneficial and adverse effects in the onset of
platelet aggregation, hemodynamics, and coronary vascular tone. EPA has
been shown to compete with the biosynthesis of n-6 eicosanoids and is the
precursor of several n-3 eicosanoids (e.g., thromboxane A3, prostaglandin
I3, and leukotriene B5), resulting in a less thrombotic and atherogenic
state (Kinsella et al., 1990).

n-6:n-3 Polyunsaturated Fatty Acid Ratio

Jensen and coworkers (1997) reported that infants fed formulas con-
taining a linoleic acid:α-linolenic acid ratio of 4.8:1 had lower arachidonic
acid concentrations and impaired growth compared to infants fed formulas
containing ratios of 9.7:1 or higher. More recent, large clinical trials with
infants fed formulas providing linoleic acid:α-linolenic acid ratios of 5:1 to
10:1 found no evidence of reduced growth or other problems that could
be attributed to decreased arachidonic acid concentrations (Auestad et
al., 1997, 2001; Makrides et al., 2000a). Clark and coworkers (1992) con-
cluded that intake ratios less than 4:1 were likely to result in fatty acid
profiles markedly different from those from infants fed human milk. Based
on the limited studies, the linoleic acid:α-linolenic acid or total n-3:n-6
fatty acids ratios of 5:1 to 10:1, 5:1 to 15:1, and 6:1 to 16:1 have been
recommended for infant formulas (Aggett et al., 1991; ISSFAL, 1994;
LSRO, 1998).

In adult rats it has been determined that a linoleic acid:α-linolenic
acid ratio of 8:1 was optimal in maintaining normal-tissue fatty acid con-
centrations (Bourre et al., 1996). Increasing the intake of linoleic acid
from 15 to 30 g/d, with an increase in the linoleic:α-linolenic acid ratio
from 8:1 to 30:1, resulted in a 40 to 54 percent decreased conversion of
linoleic acid and α-linolenic acid to their metabolites in healthy men
(Emken et al., 1994). Clinical studies with patients supported by total
parenteral nutrition found resolution of signs of deficiency when a
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parenteral lipid containing a linoleic acid:α-linolenic acid ratio of 6:1 was
provided (Holman et al., 1982).

Clinical and epidemiological studies have addressed the n-6:n-3 fatty
acid ratio, focusing on beneficial effects on risk of certain diseases associ-
ated with higher intakes of the n-3 fatty acids EPA and DHA, as reviewed in
Chapter 11. The specific importance of the ratio in these studies cannot
be assessed because the decreased ratio is secondary to an increased intake
of fish or EPA and DHA from supplements. For example, low rates of
heart disease in Japan, compared with the United States, have been attrib-
uted in part to a total n-6:n-3 fatty acid ratio of 4:1 (Lands et al., 1990),
with about 5 percent energy as linoleic acid, 0.6 percent energy from
α-linolenic acid, and 2 percent energy from EPA+DHA in Japan, compared
with intakes of 6 percent energy from linoleic acid, 0.7 percent energy
from α-linolenic acid, and less than 0.1 percent energy from EPA+DHA in
the United States (Lands et al., 1992). Similarly, an inverse association
between the dietary total n-6:n-3 fatty acid ratio and cardiovascular disease,
cancer, and all-cause mortality (Dolecek and Grandits, 1991), as well as
between fish intake and coronary heart disease mortality (Kromhout et al.,
1985; Shekelle et al., 1985), have been reported. In other studies, however,
no differences were found in coronary heart disease risk factors when a
diet containing a total n-6:n-3 ratio of 4:1 compared to 1:1 was consumed
(Ezaki et al., 1999), or in thrombotic conditions with a diet containing a
total n-6:n-3 ratio of 3.3:1 compared with 10:1 (Nelson et al., 1991). Hu
and coworkers (1999b) observed a weak relationship between the n-6:n-3
ratio and fatal ischemic heart disease since both α-linolenic acid and
linoleic acid were inversely related to risk. Based on the limited studies in
animals, children, and adults, a reasonable linoleic:α-linolenic acid ratio
of 5:1 to 10:1 has been recommended for adults (FAO/WHO, 1994).

Impact of Trans Fatty Acids on n-6 and n-3 Metabolism

The trans isomers of oleic acid and linoleic acid, which are present in
hydrogenated vegetable oils and meats, have been suggested to have
adverse effects on growth and development through inhibition of the
desaturation of linoleic acid and α-linolenic acid to arachidonic acid and
DHA, respectively (Sugano and Ikeda, 1996). Desaturation and elongation
of trans linoleic and α-linolenic acid isomers containing a double bond at
the cis-12 and cis-15 position, respectively, with formation of 20 and 22
carbon chain metabolites that could be incorporated into mem-brane
lipids, have also been suggested. In vitro studies and studies with animals
fed diets high in trans fatty acids have found evidence of reduced essential
n-6 and n-3 fatty acid desaturation (Cook, 1981; Rosenthal and Doloresco,
1984). An inverse association between total trans fatty acids and arachidonic
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acid and DHA concentrations in plasma cholesteryl esters, and between
plasma cholesteryl esters, elaidic acid (18:1trans), and birth weight of pre-
mature infants has been reported (Koletzko, 1992). Studies in term infants
found no relation between trans fatty acids and length of gestation, birth
weight, or birth length (Elias and Innis, 2001). Similarly, an inverse asso-
ciation between plasma phospholipid trans fatty acids and arachidonic acid
has been found for children aged 1 to 15 years (Decsi and Koletzko, 1995).
The industrial hydrogenation of vegetable oils results in destruction of cis
essential n-6 and n-3 fatty acids and the formation of trans fatty acids
(Valenzuela and Morgado, 1999). It is not clear if differences in dietary
intakes of n-6 and n-3 fatty acids, rather than inhibition of linoleic acid and
α-linolenic acid desaturation by trans fatty acids, explains the statistical
inverse associations between trans and n-6 and n-3 fatty acids reported in
some studies (Craig-Schmidt, 2001). Based on the much greater affinity of
the ∆6 desaturase for cis n-6 and n-3 fatty acids than monounsaturated fatty
acids (Brenner, 1974; Castuma et al., 1977), and on experimental work
that shows that inhibition of the ∆6 desaturation of linoleic acid is not of
concern with linoleic acid intakes above about 2 percent of energy
(Zevenbergen et al., 1988), it seems unlikely that inhibition of essential
fatty acid metabolism by trans fatty acids is of concern for practical human
diets.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Total Fat
Infants Ages 0 Through 12 Months

Method Used to Set the Adequate Intake

No functional criteria of fat have been demonstrated that reflects a
response to dietary intake in infants. Thus, the recommended intakes of
total fat are based on an Adequate Intake (AI) that reflects the observed
mean fat intake of infants principally fed human milk.

Ages 0 Through 6 Months. Fat is the major single source of energy in
the diet of infants exclusively fed human milk. The high intake of fat and
the energy density that it provides to the diet are important in providing
the energy needed for rapid growth during early infancy. Thus, the recom-
mended intake of total fat for infants 0 through 6 months of age is based
on an AI that reflects the observed mean fat intake of infants fed human
milk. Table 8-2 shows the concentration and proportion of energy from fat
provided by mature human milk from women delivering at term gestation.
Assuming an intake of 0.78 L/d of human milk by infants exclusively fed
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human milk (Chapter 1) and a mean milk fat content of 40 g/L, the AI for
fat is 31 g/d. This AI assumes that the energy requirements of the young
infant are being met. The mean energy content of mature human milk is
650 kcal/L (Chapter 5), thus dietary fat represents 55 percent of total
energy intake for infants 0 through 6 months of age. Fomon and coworkers
(1976) reported that the length and weight of infants were not different
when fed formula and strained food providing 29 or 57 percent of energy
from fat. Thus, an intake of 55 percent energy most likely exceeds the
minimum percent needed for optimal growth of healthy infants.

Ages 7 Through 12 Months. The proportion of energy from dietary fat
decreases during the second 6 months of age when complementary foods,
specifically infant cereals, vegetables, and fruits, are added to the diet of
the infant. The average concentration of fat in milk is approximately 40 g/L
during the second 6 months of lactation (Table 8-2). The infant consumes
about 0.6 L/d of human milk during the second 6 months (Chapter 1),
with additional energy and nutrients provided by complementary foods,
thus achieving total energy and essential nutrient needs of the infant
7 through 12 months of age.

The AI for the older infants is set based on the average intake of fat
ingested from human milk and complementary foods (Chapter 1). Data
from the Continuing Survey of Food Intakes by Individuals (CFSII) indicate
that the average intake of fat from complementary foods by older infants is
approximately 5.7 g/d. Therefore, the average fat intake from human milk
and complementary foods would be 30 g/d ([0.6 L/d × 40 g/L] + 5.7)
after rounding. The average energy intake from human milk is 390 kcal/d
(0.6 L/d × 650 kcal/L) and from complementary foods is 281 kcal/d
(CFSII), or a total energy intake of 671 kcal/d. Therefore, for infants
7 though 12 months of age, 40 percent of energy from fat is consumed
from human milk and complementary foods.

Total Fat AI Summary, Ages 0 Through 12 Months

AI for Infants
0–6 months 31 g/d of fat
7–12 months 30 g/d of fat

Special Considerations

Conventional milk-based infant formulas contain approximately 48 per-
cent of energy intake as fat (LSRO, 1998). The most common sources of
fat in infant formulas are soybean oil, safflower oil, sunflower oil, coconut
oil, and palm oil.
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TABLE 8-2 Total Fat Content in Term Human Milk of Women
 in the United States and Canada

Study Total Fat
Population/ Total Fat Content Total
Stage of Content (% of total Energyb

Reference Lactationa (g/L) energy) (kcal/L)

Anderson et al., 9 women
1983 3 d pp 18 ± 6 31.3 510 ± 90

7 d pp 31 ± 10 43.6 630 ± 98
14 d pp 37 ± 10 49.0 670 ± 100

Bitman et al., 8–41 women
1983 3 d pp 20.4 ± 3.2

7 d pp 28.9 ± 3.1
21 d pp 34.5 ± 3.7
42 d pp 31.9 ± 4.3
84 d pp 48.7 ± 6.2

Dewey and 13–18 women
Lönnerdal, 1 mo pp 49.2 ± 10.5 55.9 781 ± 100
1983 2 mo pp 45.8 ± 9.7 54.0 753 ± 92

3 mo pp 45.8 ± 16.5 55.2 736 ± 148
4 mo pp 46.2 ± 18.6 52.1 787 ± 173
5 mo pp 43.6 ± 16.7 51.8 747 ± 148
6 mo pp 43.0 ± 19.6 51.0 748 ± 183

Butte et al., 45 women
1984 1 mo pp 47.8

2 mo pp 47.8
3 mo pp 45.7
4 mo pp 47.6

Dewey et al., 119 samples
1984 4–6 mo pp 44.1 ± 18.5 60.2c

7–11 mo pp 34.5 ± 15.3 47.1c

12–20 mo pp 48.4 ± 1.19 66.0c

Ferris et al., 12 women
1988 2 wk pp 39.8 ± 9.9 45.2 781 ± 125

6 wk pp 44.1 ± 11.7 51.9 753 ± 77
12 wk pp 48.7 ± 11.9 54.5 792 ± 93
16 wk pp 55.0 ± 10.9 58.8 829 ± 122

Innis and 12 Vancouver 31 ± 3
Kuhnlein, women
1988
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TABLE 8-2 Continued

Study Total Fat
Population/ Total Fat Content Total
Stage of Content (% of total Energyb

Reference Lactationa (g/L) energy) (kcal/L)

Nommsen et al., 46–70 women
1991 3 mo pp 36.2 ± 7.0 46.1 697 ± 67

6 mo pp 37.7 ± 9.6 47.3 707 ± 92
9 mo pp 38.1 ± 8.0 47.7 709 ± 74

12 mo pp 37.0 ± 11.3 46.7 706 ± 110

Chen et al., 198 samples
1995a 3–4 wk pp 31.58 ± 9.37

a pp = postpartum.
b Calculated using 8.87 kcal/g of fat.
c Percent of energy determined from mean energy content of all milk samples during
7–20 mo pp (650 kcal/L).

Children and Adolescents Ages 1 Through 18 Years

A number of studies have been conducted to ascertain whether a cer-
tain amount of fat is needed in the diet to provide normal growth in
children. These data generally conclude that there is no effect of fat intake
on growth when consumed at levels as low as 21 percent of energy and
provided that the energy intake is adequate (Boulton and Magarey, 1995;
Fomon et al., 1976; Lagström et al., 1999; Lapinleimu et al., 1995;
Niinikoski et al., 1997a, 1997b; Obarzanek et al., 1997; Shea et al., 1993)
(see Chapter 11). There is insufficient evidence to identify a defined intake
level of fat to prevent obesity or chronic diseases. Based on this lack of
evidence and the lack of an effect of fat intake on growth, neither an AI
nor an Estimated Average Requirement (EAR) and Recommended Dietary
Allowance (RDA) are set for children and adolescents.

Adults Ages 19 Years and Older

The amount of total energy as fat in the diet can vary from 10 to
50 percent without differing effects on short-term health (Jéquier, 1999).
When men and women were fed isocaloric diets containing 20, 40, or
60 percent fat, there was no difference in total daily energy expenditure
(Hill et al., 1991). Similar observations were reported for individuals who
consumed diets containing 10, 40, or 70 percent fat (Leibel et al., 1992)
and men fed 9 to 79 percent fat (Shetty et al., 1994). In addition, a number
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of studies have reported on the impact of or the relationship between low
and high fat diets and the indicators for and risk of chronic diseases (e.g.,
coronary heart disease, diabetes, and obesity) (see Chapter 11). There are
insufficient data, however, to identify a defined intake level for fat based
on maintaining fat balance or on the prevention of chronic diseases.
Therefore, neither an AI nor an EAR and RDA are set.

Saturated Fatty Acids

There is no evidence to indicate that saturated fatty acids are essential
in the diet or have a beneficial role in the prevention of chronic diseases.
Therefore, neither an AI nor an EAR and RDA are set.

cis n-9 Monounsaturated Fatty Acids

There is no evidence to indicate that monounsaturated fatty acids are
essential in the diet, and monounsaturated fatty acids have no known
independent role in preventing chronic diseases. Therefore, neither an AI
nor an EAR and RDA are set.

n-6 Polyunsaturated Fatty Acids
Infants Ages 0 Through 12 Months

Method Used to Set the AI

A series of papers reported skin lesions and poor growth in infants fed
skimmed cow milk, which is very low in n-6 fatty acids (Hansen et al., 1958,
1963).     Cuthbertson (1976)     concluded that less than 50 mg/100 kcal of
linoleic acid (0.45 percent energy) can provide normal health and well-
being during infancy. Studies on the essential fatty acid status of older
individuals have established that about 2 percent energy from n-6 poly-
unsaturated fatty acids (linoleic acid) will prevent abnormal elevation of
the triene:tetraene ratio (20:3n-9:20:4n-6) and clinical signs of essential
fatty acid deficiency during parenteral nutrition (Barr et al., 1981). Inter-
pretation, however, is complicated because linoleic acid in the soybean oil
emulsion used to provide n-6 fatty acids can also be expected to inhibit
synthesis of eicosatrienoic acid (20:3n-9) (Brenner, 1974), and thus reduce
the triene:tetraene ratio. Furthermore, children are expected to require
higher amounts of n-6 fatty acids than adults in order to support deposi-
tion of n-6 fatty acids in cell membranes of growing tissues. This suggests
that a margin of safety is prudent.
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Ages 0 Through 6 Months. An AI can be set based on the average amount
of n-6 polyunsaturated fatty acids provided by human milk. Table 8-2
provides the fat and energy content of human milk. Human milk contains
5.6 g/L (14 percent n-6 fatty acid in milk × 40 g/L) of n-6 polyunsaturated
fatty acids (Table 8-3).

Based on an average intake of 0.78 L/d of human milk (Chapter 1),
the AI is 4.4 g/d (0.78 L/d × 5.6 g/L). The energy content of human milk
is approximately 650 kcal/L (Chapter 5) and therefore provides 507 kcal/d
(650 kcal/L × 0.78 L/d). Thus, n-6 polyunsaturated fatty acids contribute
approximately 8 percent of daily energy intake. The various n-6 fatty acids
that are naturally present in human milk can contribute to this AI.

Ages 7 Through 12 Months. The period from 7 through 12 months of
age is a time of major transition in the diet, from infants exclusively fed
human milk or infant formulas that provide large amounts of dietary fat to
a diet containing a variety of foods in addition to milk or formula. The
infant consumes about 0.6 L/d of human milk during the second 6 months
of life (Chapter 1), with additional energy and nutrients provided by
complementary foods, thus achieving total energy and essential nutrient
needs. The AI for older infants is set based on the average intake of n-6
polyunsaturated fatty acids ingested from human milk and complementary
foods (Chapter 1). Data from CFSII indicates that the average intake of
n-6 polyunsaturated fatty acids from complementary foods by older infants
is approximately 1.2 g/d. Therefore, the AI for n-6 polyunsaturated fatty
acids is 4.6 g/d ([0.6 L/d × 5.6 g/L] + 1.2) after rounding. The average fat
energy coming from human milk is 390 kcal/d (0.6 L/d × 650 kcal/L),
and from complementary foods is 281 kcal/d (CFSII), for a total energy
intake of 671 kcal/d. Therefore, 6 percent of energy from n-6 poly-
unsaturated fat is consumed via human milk and complementary foods.

n-6 Polyunsaturated Fatty Acids AI Summary,
Ages 0 Through 12 Months

AI for Infants
0–6 months 4.4 g/d of n-6 polyunsaturated fatty acids

7–12 months 4.6 g/d of n-6 polyunsaturated fatty acids

Special Considerations

The polyunsaturated vegetables oils (e.g., safflower oil and soybean
oil) used in the manufacture of infant formulas contain abundant amounts
(45 to 70 percent of total fatty acids) of linoleic acid. The minimum per-
missible amount of linoleic acid found in infant formulas is 2.7 percent of
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TABLE 8-3 n-6 Polyunsaturated Fatty Acid Content in Term
Human Milk of Women in the United States and Canada

Content in Human Milk

% of Total
Reference n n-6 Fatty Acid Fatty Acids % of Total Energya

Putnam et al., 9 18:2 15.8 ± 0.61 8.62
1982 20:2 0.4 ± 0.03 0.22

20:3 0.4 ± 0.03 0.22
20:4 0.6 ± 0.03 0.33
22:4 0.2 ± 0.02 0.11
22:5 0.1 ± 0.02 0.05
Total 17.50 9.55

Bitman et al., 6 18:2 15.58 ± 1.99 8.50
1983 20:2 0.18 ± 0.20 0.10

20:3 0.53 ± 0.15 0.29
20:4 0.60 ± 0.29 0.33
22:4 0.07 ± 0.16 0.04
22:5 0.03 ± 0.08 0.02
Total 16.99 9.28

Harris et al., 8 18:2 15.3 ± 3.3 8.35
1984 20:3 0.3 ± 0.1 0.16

20:4 0.4 ± 0.1 0.22
Total 16.0 8.73

Finley et al., 172 18:2 16.49 ± 4.80 9.00
1985 20:2 0.38 ± 0.15 0.21

20:3 0.28 ± 0.09 0.15
20:4 0.29 ± 0.08 0.16
Total 17.44 9.52

Innis and 12 18:2 12.7 ± 1.8 6.93
Kuhnlein, 20:2 0.4 ± 0.1 0.22
1988 20:4 0.7 ± 0.0 0.38

22:5 0.2 ± 0.1 0.11
Total 14.0 7.64

Chen et al., 198 18:2 10.47 ± 2.62 5.72
1995a 18:3 0.08 ± 0.06 0.04

20:2 0.17 ± 0.37 0.09
20:3 0.26 ± 0.09 0.14
20:4 0.35 ± 0.11 0.19
22:4 0.04 ± 0.05 0.02
22:5 0.01 ± 0.02 0.01
Total 11.38 6.21
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energy (Infant Formula. Nutrient Specifications. 21 C.F.R. §107.100, 1985);
however, formulas provide higher amounts than this level.

Children and Adolescents Ages 1 Through 18 Years

Method Used to Set the AI

No specific information is available on the amount of linoleic acid
required to correct the symptoms of an n-6 polyunsaturated fatty acid defi-
ciency. In the absence of this information, an AI is set based on the median
intake of linoleic acid consumed in the United States where the presence
of an n-6 fatty acid deficiency is basically nonexistent in the free-living
population (Appendix Table E-9), and rounding.

Linoleic Acid AI Summary, Ages 1 Through 18 Years

AI for Children
 1–3 years   7 g/d of linoleic acid
 4–8 years 10 g/d of linoleic acid

AI for Boys
  9–13 years 12 g/d of linoleic acid
14–18 years 16 g/d of linoleic acid

TABLE 8-3 Continued

Content in Human Milk

% of Total
Reference n n-6 Fatty Acid Fatty Acids % of Total Energya

Innis and 103 18:2 12.1 ± 0.35 6.60
King, 1999 18:3 0.1 ± 0.00 0.05

20:2 0.3 ± 0.01 0.16
20:3 0.3 ± 0.01 0.16
20:4 0.4 ± 0.01 0.22
22:4 0.1 ± 0.00 0.05
Total 13.3 7.24

a Calculated using the following values: 40 g of fat/L of milk, 8.87 kcal/g of fat, 650
kcal/L of milk.
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AI for Girls
  9–13 years 10 g/d of linoleic acid
14–18 years 11 g/d of linoleic acid

Adults Ages 19 Years and Older

Method Used to Set the AI

Various studies on adult patients receiving total parenteral nutrition
have shown that linoleic acid intakes of as little as 7.4 to 8 g/d reverses the
symptoms of deficiency (Barr et al., 1981; Collins et al., 1971; Goodgame
et al., 1978; Jeppesen et al., 1998; Wong and Deitel, 1981). There is inade-
quate information, however, to set an EAR for healthy individuals. In the
absence of this information, an AI is set based on the median intake of
linoleic acid in the United States where the presence of an n-6 fatty acid
deficiency is basically nonexistent in the free-living population (Appendix
Table E-9). The highest median intakes have been used, each for men and
women 19 to 50 years of age. Energy expenditure increases fat oxidation
(Calles-Escandon et al., 1996) and linoleic acid is readily used for energy
(Cunnane et al., 2001). Therefore, the AI for older men and women
(greater than 50 years of age), whose energy expenditure is less than
younger adults, is based on the highest median intake within this age
range and rounding.

Linoleic Acid AI Summary, Ages 19 Years and Older

AI for Men
19–30 years 17 g/d of linoleic acid
31–50 years 17 g/d of linoleic acid
51–70 years 14 g/d of linoleic acid
> 70 years 14 g/d of linoleic acid

AI for Women
19–30 years 12 g/d of linoleic acid
31–50 years 12 g/d of linoleic acid
51–70 years 11 g/d of linoleic acid
> 70 years 11 g/d of linoleic acid
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Pregnancy

Method Used to Set the AI

The demand for n-6 fatty acids for incorporation into placental tissue
and the developing fetus during gestation must be met by n-6 fatty acids
from maternal tissues or through dietary intake. Longitudinal studies have
reported a decrease in plasma arachidonic acid concentration in pregnant
women (Ghebremeskel et al., 2000; Sanjurjo et al., 1993). Lower arachidonic
acid concentrations have also been reported for red blood cell phospholipids
of pregnant women compared with nonpregnant women (Ghebremeskel
et al., 2000). It is not clear that this reflects an increased need for n-6 fatty
acids that was not met in the women in these studies, or whether changes
in maternal n-6 fatty acid concentrations are normal physiological responses
explained by the changes in endocrine status, lipoprotein and lipid
metabolism, or nutrient transfer to the fetus. There is no evidence that
maternal dietary intervention with n-6 fatty acids has any effect on fetal or
infant growth and development in women meeting the requirements for
n-6 fatty acids.

Because of a lack of evidence for determining the requirement during
pregnancy, the AI is set based on the median linoleic acid intake of pregnant
women in the United States where a deficiency is basically nonexistent in
noninstitutionalized populations (Appendix Table E-9), and rounding.

Linoleic Acid AI Summary, Pregnancy

AI for Pregnant Women
14–18 years 13 g/d of linoleic acid
19–30 years 13 g/d of linoleic acid
31–50 years 13 g/d of linoleic acid

Lactation

Method Used to Set the AI

As stated above, there is no evidence that maternal dietary intervention
with n-6 fatty acids has any effect on infant growth and development in
women meeting the requirements for n-6 fatty acids. Because of a lack of
evidence for determining the requirement during lactation, the AI is set
based on the median linoleic acid intake of lactating women in the United
States where a deficiency is basically nonexistent in noninstitutionalized
populations (Appendix Table E-9), and rounding.
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Linoleic Acid AI Summary, Lactation

AI for Lactation
14–18 years 13 g/d of linoleic acid
19–30 years 13 g/d of linoleic acid
31–50 years 13 g/d of linoleic acid

n-3 Polyunsaturated Fatty Acids
Infants Ages 0 Through 12 Months

Method Used to Set the AI

Human milk contains α-linolenic acid (18:3), eicosapentaenoic acid
(EPA, 20:5), and docosahexaenoic acid (DHA, 22:6) (Table 8-4), but the
amounts present are highly variable and depend on the amounts present
in the mother’s diet. Concentrations of about 0.7 to 1.4 percent DHA have
been reported for women who eat large amounts of fish and other marine
foods (Innis and Kuhnlein, 1988; Kneebone et al., 1985). Blood concen-
trations of DHA appear to show little metabolic regulation and increase
with increasing DHA intake in breast-fed infants (Gibson et al., 1997; Innis
and King, 1999; Sanders and Reddy, 1992) or formula-fed infants (Auestad
et al., 1997; Carlson et al., 1996a; Innis et al., 1996; Makrides et al., 1995),
as they do in adults. Numerous studies have shown that infants fed formulas
with no DHA have lower plasma and red blood cell DHA concentrations
than infants fed human milk or formulas with DHA (Auestad et al., 1997;
Carlson et al., 1986, 1996a; Innis et al., 1996; Makrides et al., 1995; Ponder
et al., 1992; Putnam et al., 1982). Similarly, the plasma and red blood cell
DHA concentrations are lower in infants breast-fed by mothers with veg-
etarian rather than omnivorous diets (Sanders and Reddy, 1992). Evidence
of DHA depletion based on functional endpoints has not been reported
for populations or subgroups that have diets containing no DHA but with
adequate α-linolenic acid.

Several autopsy studies have reported lower DHA concentrations in
the brains of infants fed formulas that contain no DHA compared with
infants fed human milk (Byard et al., 1995; Farquharson, 1994; Farquharson
et al., 1992, 1995; Jamieson et al., 1994, 1999; Makrides et al., 1994). In
addition, brain DHA accumulation continues in both breast-fed and
formula-fed infants for at least 40 weeks of life, but the accumulation is at a
greatly reduced rate in formula-fed infants (Makrides et al., 1996). Although
many infant formulas contain similar amounts of α-linolenic acid as human
milk, the dietary supply of only α-linolenic acid and no DHA in formulas
may be inadequate to supply the infant brain with DHA (Farquharson,
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TABLE 8-4 n-3 Polyunsaturated Fatty Acid Content in Term
Human Milk of Women in the United States and Canada

Content in Human Milk

% of Total
Reference n n-3 Fatty Acid Fatty Acids % of Total Energya

Putnam et al., 9 18:3 0.8 ± 0.09 0.44
1982 20:5 0.1 ± 0.03 0.05

22:5 0.1 ± 0.01 0.05
22:6 0.1 ± 0.01 0.05
Total 1.1 0.59

Bitman et al., 6 18:3 1.03 ± 0.21 0.56
1983 20:5 trace trace

22:5 0.11 ± 0.15 0.06
22:6 0.23 ± 0.14 0.13
Total 1.37 0.75

Harris et al., 8 18:3 0.8 ± 0.5 0.44
1984 20:5 trace trace

22:5 trace trace
22:6 0.1 ± 0.1 0.05
Total 0.9 0.49

Finley et al., 172 18:3 1.56 ± 0.43 0.85
1985 22:6 0.06 ± 0.004 0.03

Total 1.62 0.88

Innis and 12 18:3 0.6 ± 0.2 0.33
Kuhnlein, 1988 20:5 0.2 ± 0.2 0.11

22:5 0.4 ± 0.1 0.22
22:6 0.4 ± 0.1 0.22
Total 1.6 0.88

Chen et al., 198 18:3 1.16 ± 0.37 0.63
1995a 20:4 0.06 ± 0.06 0.03

20:5 0.05 ± 0.05 0.03
22:5 0.08 ± 0.06 0.04
22:6 0.14 ± 0.10 0.08
Total 1.49 0.81

Innis and King, 103 18:3 1.4 ± 0.07 0.76
1999 20:5 0.1 ± 0.01 0.05

22:5 0.2 ± 0.02 0.11
22:6 0.2 ± 0.03 0.11
Total 1.9 1.03

a Calculated using the following values: 40 g of fat/L of milk, 8.87 kcal/g of fat, 650
kcal/L of milk.
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1994). Animal studies have shown that dietary DHA is incorporated into
brain tissue to a greater extent than is DHA that is biosynthesized from
α-linolenic acid (Abedin et al., 1999; Sinclair, 1975). Furthermore, admin-
istration of dietary α-linolenic acid was not effective in restoring brain
DHA concentrations in chicks deficient in n-3 fatty acids (Anderson et al.,
1990). Therefore, the DHA content of the brain may depend more heavily
upon the dietary supply of DHA rather than its precursor, α-linolenic acid.
Randomized clinical studies on growth or neural development with term
infants fed formulas currently yield conflicting results on the requirement
for n-3 fatty acids in young infants (see “Evidence Considered for Estimat-
ing the Requirement for Total Fat and Fatty Acids”).

Ages 0 Through 6 Months. n-3 Polyunsaturated fatty acids provide DHA
that is important for the developing brain and retina. Human milk is
assumed to meet the n-3 fatty acid requirements of the infants fed human
milk. Therefore, an AI for n-3 fatty acids is based on the amount of n-3
fatty acids, total fat, and energy provided by human milk. Table 8-2 shows
the fat and energy content of human milk. Human milk contains approxi-
mately 0.63 g/L (1.58 percent n-3 fatty acids × 40 g/L total fat) of n-3
polyunsaturated fatty acids (Table 8-4). The AI is based on the average
amount of milk consumed by the infant (0.78 L/d) and the n-3 fatty
acid concentration in human milk. Therefore, the AI is set at 0.5 g/d
(0.78 L/d × 0.63 g/L), after rounding, which provides approximately
4.5 kcal/d. Because human milk provides 650 kcal/L (Chapter 5) or
507 kcal/d (650 kcal/L × 0.78 L/d), an AI of 0.5 g/d of n-3 polyunsaturated
fatty acids represents approximately 1 percent (4.5 ÷ 507) energy intake,
after rounding. The various n-3 fatty acids that are naturally present in
human milk can contribute to this AI.

Ages 7 Through 12 Months. While the energy requirement relative to
body weight decreases in the second 6 months of life (see Chapter 5),
autopsy analyses suggest that brain DHA accretion continues at a similar
rate from 0 through 24 months of age (Martinez, 1992). The AI for older
infants is set based on the average intake of n-3 fatty acids ingested from
human milk and complementary foods (Chapter 1). Data from CFSII indi-
cate that the average intake of n-3 fatty acids from complementary foods
by older infants is approximately 0.11 g/d. Therefore, the AI is 0.5 g/d
[0.6 L/d × 0.63 g/L] + 0.11), after rounding, which represents approxi-
mately 4.5 kcal/d. The average energy intake from human milk is 390 kcal/d
(0.6 L/d × 650 kcal/L), and from complementary foods is 281 kcal/d
(CFSII), for a total energy intake of 671 kcal/d. Therefore, approximately
0.67 percent (4.5 kcal/d ÷ 671 kcal/d) of energy is consumed as n-3 poly-
unsaturated fatty acids from human milk and complementary foods.
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n-3 Polyunsaturated Fatty Acid AI Summary, Ages 0 Through 12
Months

AI for Infants
0–6 months 0.50 g/d of n-3 polyunsaturated fatty acids
7–12 months 0.50 g/d of n-3 polyunsaturated fatty acids

Special Considerations

Vegetable oils that provide α-linolenic acid are used in the manufac-
ture of infant formulas. The U.S. Code of Federal Regulations does not
currently specify minimum or maximum levels of α-linolenic acid for infant
formulas. At the present time, DHA is not directly added to infant formulas.
Information from clinical trials with term infants fed formulas with DHA
are inconsistent, and associations between lower growth and delays on
some developmental tests have been noted in preterm and term infants
fed formulas containing DHA, but not arachidonic acid. Definitive evi-
dence that this is due to the absence of arachidonic acid or explained by
antagonism between DHA and n-6 fatty acids is not available. DHA is added
to infant formula ingredients in the form of oils from fish oils, egg total
lipids, egg phospholipids, and oil from single cell microorganisms.

Children and Adolescents Ages 1 Through 18 Years

Method Used to Set the AI

One case study of a 6-year-old girl on total parenteral nutrition (TPN)
reported that the TPN solution, which was low in α-linolenic acid and
provided approximately 0.08 g/d, resulted in episodes of numbness, weak-
ness, blurred vision, and the inability to walk (Holman et al., 1982). Analysis
of the girl’s plasma fatty acids confirmed a low n-3 fatty acid concentration.
It was determined that 1.625 g/d of α-linolenic acid reversed the abnormal
neurological symptoms. Bjerve and coworkers (1988) reported low plasma
n-3 fatty acid concentrations and poor growth in a child fed approximately
0.54 g/d of α-linolenic acid via a gastric tube. Growth was somewhat
improved by the addition of 0.56 g/d of α-linolenic acid.

Because of a lack of evidence for determining the requirement for n-3
fatty acids during childhood, an AI is set based on the median intake of
α-linolenic acid in the United States where a deficiency is basically non-
existent in noninstitutionalized populations (Appendix Table E-11), and
rounding. Small amounts of EPA and DHA can contribute toward revers-
ing an n-3 fatty acid deficiency (Bjerve, 1989; Bjerve et al., 1987a, 1987b,
1989) and can therefore contribute toward the AI for α-linolenic acid.
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EPA and DHA contribute approximately 10 percent of the total n-3 fatty
acid intake and therefore this percent contributes toward the AI for
α-linolenic acid (Appendix Tables E-10, E-12, and E-14).

α-Linolenic Acid AI Summary, Ages 1 Through 18 Years

AI for Children
  1–3 years 0.7 g/d of α-linolenic acid
  4–8 years 0.9 g/d of α-linolenic acid

AI for Boys
  9–13 years 1.2 g/d of α-linolenic acid
14–18 years 1.6 g/d of α-linolenic acid

AI for Girls
  9–13 years 1.0 g/d of α-linolenic acid
14–18 years 1.1 g/d of α-linolenic acid

Adults Ages 19 Years and Older

Method Used to Set the AI

Several studies involving adult patients who were fed by gastric tube
showed that an n-3 fatty acid (α-linolenic acid) deficiency could occur with
intakes ranging from 0.015 to 0.095 g/d of α-linolenic acid (Bjerve, 1989;
Bjerve et al., 1987a, 1987b, 1989), whereas intakes of as low as 0.3 g/d
prevented the symptoms of a deficiency (Bjerve et al., 1987a). There were
insufficient data, however, to set an EAR for free-living healthy adults.

Because of a lack of evidence for determining the requirement for n-3
fatty acids, an AI is set based on the highest median intake of α-linolenic
acid by adults in the United States where a deficiency is basically non-
existent in noninstitutionalized populations (Appendix Table E-11), and
rounding. Small amounts of EPA and DHA can contribute toward revers-
ing an n-3 fatty acid deficiency (Bjerve, 1989; Bjerve et al., 1987a, 1987b,
1989). EPA and DHA contribute approximately 10 percent of the total n-3
fatty acid intake and therefore this percent contributes toward the AI for
α-linolenic acid (Appendix Tables E-10, E-12, and E-14).
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α-Linolenic Acid AI Summary, Ages 19 Years and Older

AI for Men
19–30 years 1.6 g/d of α-linolenic acid
31–50 years 1.6 g/d of α-linolenic acid
51–70 years 1.6 g/d of α-linolenic acid
> 70 years 1.6 g/d of α-linolenic acid

AI for Women
19–30 years 1.1 g/d of α-linolenic acid
31–50 years 1.1 g/d of α-linolenic acid
51–70 years 1.1 g/d of α-linolenic acid
> 70 years 1.1 g/d of α-linolenic acid

Pregnancy and Lactation

Method Used to Set the AI

The demand for n-3 polyunsaturated fatty acids for incorporation into
placental tissue and for the developing fetus during gestation, as well as
for secretion of n-3 polyunsaturated fatty acids in milk during lactation,
must be met by n-3 fatty acids from maternal tissues or through dietary
intake. Several studies have reported lower plasma and red blood cell lipid
DHA concentrations in pregnant and lactating women compared with non-
pregnant, nonlactating women (Ghebremeskel et al., 2000; Holman et al.,
1991). It is not clear that this reflects declining DHA status due to inade-
quate n-3 fatty acid intakes in the women in these studies. An alternative
explanation is that changes in maternal DHA concentrations are normal
physiological responses to the changes in endocrine status, lipoprotein
and lipid metabolism, or nutrient transfer that accompany pregnancy and
lactation. However, supplementation with fish oil during pregnancy does
increase DHA in both the mother and the newborn infant, and supple-
mentation with fish oil during lactation increases the concentration of
DHA in the mother’s milk and in the infant’s blood (Connor et al., 1996;
Henderson et al., 1992; van Houwelingen et al., 1995). Dietary fatty acids
are almost completely absorbed, and an increase in blood DHA concentra-
tion following the increase in intake with fish oil supplementation is to be
expected. Evidence is not available to show that increasing intakes of DHA
in pregnant and lactating women consuming diets that meet requirements
for n-6 and n-3 fatty acids have any physiologically significant benefit to the
infant. Population comparative studies have found higher birthweights and
longer gestation for women in the Faroe Islands than in Denmark (Olsen
et al., 1989). This has been attributed to a higher intake of EPA from fish
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and other marine foods, leading to n-3 fatty acid-induced inhibition of the
n-6 fatty acid-derived eicosanoids that are important in cervical ripening
and initiation of parturition. Subsequent intervention studies indicate that
10.8 g of supplemental n-3 fatty acids from fish oil is associated with an
increase in gestation of about 4 days (Olsen et al., 1992).

Because of a lack of evidence for determining the requirement for n-3
fatty acids during pregnancy and lactation, an AI is set based on the median
intake of α-linolenic acid in the United States where a deficiency is basically
nonexistent in noninstitutionalized populations (Appendix Table E-11),
and rounding. Small amounts of EPA and DHA can contribute toward
reversing an n-3 fatty acid deficiency (Bjerve, 1989; Bjerve et al., 1987a,
1987b, 1989), and can therefore contribute toward the AI for α-linolenic
acid.

α-Linolenic Acid AI Summary, Pregnancy and Lactation

AI for Pregnancy
14–18 years 1.4 g/d of α-linolenic acid
19–30 years 1.4 g/d of α-linolenic acid
31–50 years 1.4 g/d of α-linolenic acid

AI for Lactation
14–18 years 1.3 g/d of α-linolenic acid
19–30 years 1.3 g/d of α-linolenic acid
31–50 years 1.3 g/d of α-linolenic acid

Special Considerations

The ratio of linoleic acid:α-linolenic acid in the diet is important
because linoleic acid and α-linolenic acid compete for the same desaturase
enzymes. Thus, a high ratio of linoleic acid:α-linolenic acid can inhibit the
conversion of α-linolenic acid to DHA, while a low ratio will inhibit the
desaturation of linoleic acid to arachidonic acid. The linoleic acid:α-linolenic
acid ratio, however, is likely to be of greatest importance in diets that are
very low or devoid of arachidonic acid, EPA, and DHA.

The available data, although limited, suggest that linoleic:α-linolenic
acid ratios below 5:1 may be associated with impaired growth in infants
(Jensen et al., 1997). Although a ratio of 30:1 has been shown to reduce
further metabolism of α-linolenic acid, sufficient dose–response data are
not available to set an upper range for this ratio with confidence. Assum-
ing an intake of n-6 fatty acids of 5 percent energy, with this being mostly
linoleic acid, the α-linolenic acid intake at a 5:1 ratio would be 1 percent
of energy.
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Trans Fatty Acids

There are no data available to indicate a health benefit from consum-
ing trans fatty acids. Therefore, neither an AI nor an EAR and RDA are
established for trans fatty acids.

INTAKES OF TOTAL FAT AND FATTY ACIDS

Total Fat

Food Sources

Both animal- and plant-derived food products contain fat. The princi-
pal foods that contribute to fat intake are butter, margarine, vegetable oils,
visible fat on meat and poultry products, whole milk, egg yolks, nuts, and
baked goods (e.g., cookies, doughnuts, and cakes). Over 95 percent of
total fat intake is in the form of triacylglycerols. As discussed below, the
type of fat present in these food products varies.

Dietary Intake

Intake data from the Continuing Survey of Food Intakes of Individuals
(CFSII) (1994–1996, 1998) showed that the median total fat intake ranged
from 65 to 100 g/d for men and 48 to 63 g/d for women (Appendix Table
E-5). These intake ranges represent approximately 32 to 34 percent of
total energy (Appendix Table E-6). During 1990 to 1997, median intakes
of fat ranged from 32 to 34 percent and 30 to 33 percent of energy in
Canadian men and women, respectively (Appendix Table F-3).

A longitudinal study in the United States found that dietary fat repre-
sented 48, 41, 35, and 30 percent of total energy intakes at 3, 6, 12, and
24 months of age, respectively (Butte, 2000). The Third National Health
and Nutrition Examination Survey (NHANES) estimated that children 2
to 19 years of age consumed an average of 34 percent of total energy as fat,
with little difference across the individual age groups (Troiano et al., 2000).
Comparison of data collected across the three NHANES studies conducted
since the early 1970s shows that children and adolescents across all race,
gender, and age groups have decreased their total fat intake. Mean age-
adjusted fat intakes have declined from 36 to 37 percent to 33 to 34 per-
cent of total energy (Troiano et al., 2000). About 23 percent of children 2
to 5 years old, 16 percent of children 6 to 11 years old, and 15 percent of
adolescents 12 to 19 years old had dietary fat intakes equal to or less than
30 percent of total energy intakes.
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Saturated Fatty Acids

Food Sources

Sources of saturated fatty acids tend to be foods of animal sources,
including whole milk, cream, butter, cheese, and fatty meats such as pork
and beef (USDA/HHS, 2000). Certain oils, however, such as coconut,
palm, and palm kernel oil, also contain relatively high amounts of satu-
rated fatty acids. Saturated fatty acids provide approximately 20 to 25 per-
cent of energy in human milk (Table 8-5).

Dietary Intake

Based on intake data from CFSII (1994–1996, 1998), median satu-
rated fatty acid intake ranged from approximately 21 to 34 g/d for men
and 15 to 21 g/d for women (Appendix Table E-7). Data from NHANES
III indicated that saturated fatty acids provided 11 to 12 percent of energy
in adult diets and ranged from 12.2 to 13.9 percent of energy for children
and adolescents (CDC, 1994). NHANES III reported that 9 percent of
children 2 to 11 years old and 7 percent of those 12 to 19 years old had
saturated fatty acid intakes of less than 10 percent of total energy (Troiano
et al., 2000). During 1990 to 1997, median intakes of saturated fatty acids
ranged from approximately 10 to 12 percent of energy for Canadian men
and women (Appendix Table F-4).

Cis-Monounsaturated Fatty Acids

Food Sources

About 50 percent of monounsaturated fatty acids are provided by ani-
mal products, primarily meat fat (Jonnalagadda et al., 1995). Oils that
contain monounsaturated fatty acids include canola and olive oils. Mono-
unsaturated fatty acids provide approximately 20 percent of energy in
human milk (Table 8-6).

Dietary Intake

Based on intake data from CFSII (1994–1996, 1998), median mono-
unsaturated fatty acid intake ranged from approximately 25 to 39 g/d for
men and 18 to 24 g/d for women (Appendix Table E-8). Data from the
1987–1988 Nationwide Food Consumption Survey indicated that mean
intakes of monounsaturated fatty acids were 13.6 to 14.3 percent of energy
(Ganji and Betts, 1995).
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TABLE 8-5 Saturated Fatty Acid Content in Term Human Milk
of Women in the United States and Canada

Content in Human Milk

Saturated % of Total
Reference n Fatty Acid Fatty Acids % of Total Energya

Putnam et al., 9 8:0 0.3 0.16
1982 10:0 1.4 0.76

12:0 6.2 3.38
14:0 7.6 4.15
16:0 20.5 ± 0.70 11.19
18:0 9.0 ± 0.46 4.91
20:0 0.3 ± 0.02 0.16
21:0 0.1 ± 0.02 0.05
24:0 0.5 ± 0.01 0.27
Total 45.9 25.03

Bitman et al., 6 10:0 0.97 ± 0.28 0.53
1983 12:0 4.46 ± 1.17 2.43

14:0 5.68 ± 1.36 3.10
15:0 0.31 ± 0.07 0.17
16:0 22.20 ± 2.28 12.12
17:0 0.49 ± 0.36 0.27
18:0 7.68 ± 1.85 4.19
20:0 0.32 ± 0.11 0.17
21:0 0.17 ± 0.12 0.09
Total 42.28 23.07

Harris et al., 8 10:0 trace trace
1984 12:0 4.2 ± 1.3 2.29

14:0 5.9 ± 0.7 3.22
16:0 22.8 ± 1.6 12.45
18:0 8.2 ± 1.2 4.48
Total 41.1 22.44

Finley et al., 172 8:0 0.16 ± 0.11 0.09
1985 10:0 1.10 ± 0.30 0.60

12:0 5.56 ± 1.68 3.03
14:0 8.01 ± 2.46 4.37
16:0 23.28 ± 3.35 12.71
18:0 8.06 ± 1.58 4.40
Total 46.17 25.20

Innis and 12 10:0 1.2 ± 0.2 0.66
Kuhnlein, 12:0 5.2 ± 0.7 2.84
1988 14:0 6.7 ± 0.5 3.66

16:0 22.1 ± 2.7 12.06
18:0 8.2 ± 0.8 4.48
Total 43.4 23.70

continued
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n-6 Polyunsaturated Fatty Acids

Food Sources

Sources of n-6 polyunsaturated fatty acids include nuts, seeds, certain
vegetables, and vegetable oils such as soybean oil, safflower oil, and corn
oil. Certain oils, such as blackcurrant seed oil and evening primrose oil,
are high in γ-linolenic acid (18:3n-6), which is an intermediate in the
conversion of linoleic acid to arachidonic acid. Arachidonic acid is formed
from linoleic acid in animal cells, but not plant cells, and is present in the
diet in small amounts in meat, poultry, and eggs. Arachidonic acid is not
present in plant-derived fats and oils.

TABLE 8-5 Continued

Content in Human Milk

Saturated % of Total
Reference n Fatty Acid Fatty Acids % of Total Energya

Chen et al., 198 10:0 1.39 ± 0.59 0.76
1995a 12:0 5.68 ± 2.01 3.10

14:0 6.10 ± 1.73 3.33
15:0 0.37 ± 0.12 0.20
16:0 18.30 ± 2.25 9.99
17:0 0.32 ± 0.08 0.17
18:0 6.15 ± 0.97 3.36
20:0 0.15 ± 0.09 0.08
Total 38.46 20.99

Innis and King, 103 10:0 0.6 ± 0.03 0.33
1999 12:0 4.1 ± 0.15 2.24

14:0 6.1 ± 0.21 3.33
16:0 19.4 ± 0.28 10.59
18:0 7.2 ± 0.15 3.93
20:0 0.2 ± 0.00 0.11
22:0 0.1 ± 0.00 0.05
24:0 0.1 ± 0.00 0.05
Total 37.8 20.63

a Calculated using the following values: 40 g of fat/L of milk, 8.87 kcal/g of fat, 650
kcal/L of milk.



DIETARY FATS: TOTAL FAT AND FATTY ACIDS 477

TABLE 8-6 Monounsaturated Fatty Acid Content in Term
Human Milk of Women in the United States and Canada

Content in Human Milk

Monounsaturated % of Total
Reference n Fatty Acid Fatty Acids % of Total Energya

Putnam et al., 9 18:1 37.6 ± 0.75 20.52
1982 20:1 0.9 ± 0.07 0.49

22:1 0.1 ± 0.02 0.05
Total 38.6 21.06

Bitman et al., 6 16:1 3.83 ± 0.39 2.09
1983 18:1 35.51 ± 2.73 19.38

Total 39.34 21.47

Harris et al., 8 16:1 2.5 ± 0.6 1.36
1984 18:1 32.6 ± 3.3 17.79

20:1 0.5 ± 0.1 0.27
Total 35.6 19.42

Finley et al., 172 16:1 3.02 ± 0.77 1.65
1985 18:1 31.72 ± 3.81 17.31

Total 34.74 18.96

Innis and 12 16:1 3.3 ± 0.6 1.80
Kuhnlein, 18:1 36.3 ± 2.7 19.81
1988 20:1 0.7 ± 0.3 0.38

22:1 0.2 ± 0.1 0.11
Total 40.5 22.10

Chen et al., 198 14:1 0.28 ± 0.08 0.15
1995a 16:1 2.68 ± 0.69 1.46

17:1 0.21 ± 0.06 0.11
18:1 36.09 ± 3.51 19.70
20:1 0.53 ± 0.22 0.29
22:1 0.02 ± 0.03 0.01
Total 39.81 21.72

Innis and King, 103 14:1 0.2 ± 0.01 0.11
1999 16:1 2.5 ± 0.08 1.36

18:1 35.7 ± 0.41 19.49
20:1 0.6 ± 0.05 0.33
22:1 0.2 ± 0.02 0.11
24:1 0.1 ± 0.01 0.05
Total 39.3 21.45

a Calculated using the following values: 40 g of fat/L of milk, 8.87 kcal/g of fat, 650
kcal/L of milk.
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Dietary Intake

Based on intake data from CFSII (1994–1996, 1998), median n-6 poly-
unsaturated fatty acid (linoleic acid) intake ranged from approximately 12
to 17 g/d for men and 9 to 11 g/d for women (Appendix Table E-9).

Polyunsaturated fatty acids have been reported to contribute approxi-
mately 5 to 7 percent of total energy intake in diets of adults (Allison et al.,
1999; Fischer et al., 1985). Most (approximately 85 to 90 percent) n-6
polyunsaturated fatty acids are consumed in the form of linoleic acid.
Other n-6 polyunsaturated fatty acids, such as arachidonic acid and γ-linolenic
acid, are present in small amounts in the diet.

n-3 Polyunsaturated Fatty Acids

Food Sources

The major sources of n-3 fatty acids include certain vegetable oils and
fish (Kris-Etherton et al., 2000). Vegetable oils such as soybean and flax-
seed oils contain high amounts of α-linolenic acid. Fish oils provide a
mixture of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
and fatty fish are the major dietary sources of EPA and DHA. Smaller
amounts are also present in meat and eggs.

Dietary Intake

Based on intake data from CFSII (1994–1996, 1998), the total n-3 fatty
intake for men and women ranged from approximately 1.3 to 1.8 g/d and
1.0 to 1.2 g/d, respectively (Appendix Table E-10). These findings are
similar to that reported by Kris-Etherton and coworkers (2000), who also
reported that the average intake of n-3 polyunsaturated fatty acids was
approximately 0.7 percent of energy. The median intake of α-linolenic
acid ranged from approximately 1.2 to 1.6 g/d for men and 0.9 to 1.1 g/d
for women (Appendix Table E-11). For all adults, the median intakes of
EPA and DHA ranged from 0.004 to 0.007 and 0.052 to 0.093 g/d, respec-
tively (Appendix Tables E-12 and E-14). The median intake of DHA ranged
from 0.066 to 0.093 g/d for men and 0.052 to 0.069 g/d for women
(Appendix Table E-14). Docosapentaenoic acid provided only 0.001 to
0.005 g/d (Appendix Table E-13).
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Trans Fatty Acids

Food Sources

Reports listing the trans fatty acid level in selected food items are avail-
able from the United States (Enig et al., 1990; Litin and Sacks, 1993;
Michels and Sacks, 1995), Canada (Ratnayake et al., 1993), and Europe
(Aro et al., 1998a, 1998b, 1998c; Michels and Sacks, 1995; van Erp-baart et
al., 1998; van Poppel et al., 1998). More recently, a comprehensive U.S.
database was compiled by the U.S. Department of Agriculture (ARS, 2001)
that included a description of the methodology used to formulate the
nutrient values (Schakel et al., 1997). Trans fatty acids are present in foods
containing traditional stick margarine (3.04 g trans fatty acids/serving)
and vegetable shortenings (2.54 g/serving) that have been subjected to
hydrogenation, as well as in milk (0.22 g/serving), butter (0.40 g/serving)
and meats (0.01 to 0.21 g/serving) (Emken, 1995). Therefore, foods that
are contributors of trans fatty acids include pastries, fried foods (e.g.,
doughnuts and french fries), dairy products, and meats. Human milk
contains approximately 1 to 5 percent of total energy as trans fatty acids
(Table 8-7) and similarly, infant formulas contain approximately 1 to 3 per-
cent (Ratnayake et al., 1997).

Dietary Intake

Estimating the amount of trans fatty acids in the food supply has been
hampered by the lack of an accurate and comprehensive database from
which to derive the data and the trend towards the reformulation of prod-
ucts over the past decade to reduce levels. This latter issue complicates
analysis of historical food intake data. Additionally, the variability in the
trans fatty acid content of foods within a food category is extensive and can
introduce substantial error when the calculations are based on food fre-
quency questionnaires that heavily rely on the grouping of similar foods
(Innis et al., 1999). trans Fatty acid intake is not currently collected in U.S.
national surveys.

Early reports suggested a wide range of trans fatty acid intakes, from
2.6 to 12.8 g/d (Emken, 1995). The lower estimated intakes tended to be
derived from food frequency data, whereas the higher estimated intakes
tended to be derived from food availability data. More recent data from
food frequency questionnaires collected in the United States suggest aver-
age trans fatty acid intakes of 1.5 to 2.2 percent of energy (Ascherio et al.,
1994; Hu et al., 1997), or 5.2 percent of total dietary fat (Lemaitre et al.,
1998). Intakes of about 1 to 2 percent of energy have been reported for
women in Canada, although the range of intakes was wide (Elias and Innis,
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2001, 2002). Most recently, trans fatty acid intake was estimated from exist-
ing CFSII data (Allison et al., 1999). The mean trans fatty acid intake for
the U.S. population aged 3 years and older was 2.6 percent of total energy
intake.

Conjugated Linoleic Acid

Food Sources

The average concentration of conjugated linoleic acid (CLA) in dairy
products and ruminant meats is approximately 5 mg of CLA/g of fat (Chin
et al., 1992). Although numerous CLA isomers have been reported to be
found in meat, milk, and dairy products (Ha et al., 1989), the cis-9,trans-11
isomer is the predominant form of CLA present in these foods (Ma et al.,
1999). The conjugated linoleic acid content of milk can vary depending
on a number of factors, such as animal feed diet, pasture grazing, supple-

TABLE 8-7 Trans Fatty Acid Content in Term Human Milk of
Women in the United States and Canada

Study
Content in Human Milk

Population/Stage Trans % of Total % of Total
Reference of Lactationa Fatty Acid Fatty Acids Energyb

Gibson and 120 women, 16:1 trace trace
Kneebone, 40–45 d pp 18:1 ~ 10 ~ 5.46
1981

Chappell et al., 7 women, 18:1(9) 2.6 ± 0.4  1.42
1985 1–37 d pp 18:1(7) 0.1 ± 0.03  0.05

18:1(5) 0.1 ± 0.04  0.05
18:2(6) c,t+t,cc 0.1 ± 0.4  0.05
Total 2.9  1.57

Chen et al., 198 samples, Total trans 7.19 ± 3.03  3.92
1995a 3–4 wk pp

Innis and King, 103 women, Total trans 7.1 ± 0.32  3.88
1999 2 mo pp

a pp = postpartum.
b Calculated using the following values: 40 g of fat/L of milk, 8.87 kcal/g of fat, 650
kcal/L of milk.
c c,t+t,c = cis, trans and trans, cis.
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ment use, and number of lactations (MacDonald, 2000). Ma and coworkers
(1999) reported values of 1.8 mg of CLA/g of fat for skim milk, 3.4 mg/g
for whole milk, 4.3 mg/g for 1 percent milk, 5.0 mg/g for 2 percent milk,
and 5.5 mg/g for half-and-half cream. In addition, values ranged from 2.7
to 6.2 mg of CLA/g of fat for various cheeses and 1.2 to 3.2 mg of CLA/g
of fat for different types of raw and cooked beef products.

Dietary Intake

Recent analysis of duplicate food portions indicates CLA intake in the
United States is in the range of 151 to 212 mg/d (Ritzenthaler et al.,
2001). The average intake of cis-9,trans-11 octadecadienoic acid in a small
group of Canadians was recently estimated to be about 95 mg/d (Ens et
al., 2001). Based on the CLA content in the Health Canada National
Nutritious Food Basket 1998 for purchased quantities, cis-9,trans-11 CLA
intake for men and women was 332 and 295 mg/d, respectively. These
values assume that all food purchased is actually eaten. From food records
it is clear that the pattern of CLA intake is highly variable among individuals
and from day-to-day for individuals themselves. Estimates from informa-
tion on foods purchased, however, are higher than estimates from reported
food intake data; therefore, the two data sets are not comparable.

ADVERSE EFFECTS OF OVERCONSUMPTION

Total Fat

A Tolerable Upper Intake Level (UL) was not set for total fat because
of the lack of a defined intake level at which an adverse effect, such as
obesity, can occur (see Chapter 11). An Acceptable Macronutrient Distri-
bution Range (AMDR) for fat intake, however, has been estimated based
on adverse effects from consuming low fat and high fat diets (Chapter 11).

Saturated Fatty Acids

Hazard Identification

Elevated LDL Cholesterol Concentration and Risk of CHD. Several hun-
dred studies have been conducted to assess the effect of saturated fatty
acids on serum cholesterol concentration. In general, the higher the intake
of saturated fatty acids, the higher the serum total (Figure 8-2) and low
density lipoprotein (LDL) cholesterol concentrations (Figure 8-3). Regres-
sion analyses of such studies have suggested that for each 1 percent increase
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FIGURE 8-2 Relationship between blood total cholesterol concentrations and
saturated fatty acid intake. Reprinted, with permission, from Clarke et al. (1997).
Copyright 1997 by the British Medical Journal.
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FIGURE 8-3 Calculated changes in serum low density lipoprotein cholesterol con-
centration in response to percent change in dietary saturated fatty acids. Three
regression equations were used to establish the response curves. The range in
saturated fatty acid intake was 2.2 to 33 percent of energy.
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in energy from saturated fatty acids, serum LDL cholesterol concentration
increases by 0.033 mmol/L (Mensink and Katan, 1992), 0.036 mmol/L
(Clarke et al., 1997), or 0.045 mmol/L (Hegsted et al., 1993). Although all
fats will increase serum high density lipoprotein (HDL) cholesterol con-
centration relative to carbohydrate, the increase attributable to saturated
fats is greater than that observed for monounsaturated and polyunsaturated
fatty acids. Serum HDL cholesterol concentration increases by 0.011 to
0.013 mmol/L for each 1 percent increase in saturated fat (Clarke et al.,
1997; Hegsted et al., 1993; Mensink and Katan, 1992).

Similar to that observed for saturated fatty acid intake and LDL
cholesterol concentration, there is a positive linear relationship between
serum total and LDL cholesterol concentrations and risk of coronary heart
disease (CHD) or mortality from CHD (Jousilahti et al., 1998; Neaton and
Wentworth, 1992; Sorkin et al., 1992; Stamler et al., 1986; Weijenberg et
al., 1996). Results from the Zutphen Elderly Study estimated that the
relative risk of CHD mortality was 1.4 with a corresponding increase of
1 mmol/L of total serum cholesterol concentration (Weijenberg et al.,
1996). It has been estimated that a 10 percent reduction in serum choles-
terol concentration would reduce CHD mortality by 20 percent (Jousilahti
et al., 1998).

A number of epidemiological studies have reported an association
between saturated fatty acid intake and risk of CHD. The majority of these
studies have reported a positive relationship between saturated fatty acid
intake and risk of CHD and CHD mortality (Goldbourt et al., 1993; Hu et
al., 1997, 1999a, 1999c; Keys et al., 1980; McGee et al., 1984). Ascherio and
coworkers (1996) concluded that the association between saturated fatty
acid intake and risk of CHD was not strong; however, saturated fat and the
predicted effects on blood cholesterol concentrations did affect risk. No
association between saturated fatty acid intake and coronary deaths was
observed in the Zutphen Study or the Alpha-Tocopherol, Beta-Carotene
Cancer Prevention Study (Kromhout and de Lezenne Coulander, 1984;
Pietinen et al., 1997).

Although all saturated fatty acids were originally considered to be asso-
ciated with increased adverse health outcomes, including increased blood
cholesterol concentrations, it later became apparent that saturated fatty
acids differ in their metabolic effects (e.g., potency in raising blood choles-
terol concentrations). In general, stearic acid has been shown to have a
neutral effect on total and LDL cholesterol concentrations (Bonanome
and Grundy, 1988; Denke, 1994; Hegsted et al., 1965; Keys et al., 1965; Yu
et al., 1995; Zock and Katan, 1992). While palmitic, lauric, and myristic
acids increase cholesterol concentrations (Mensink et al., 1994), stearic
acid is more similar to oleic acid in its neutral effect (Kris-Etherton et al.,
1993). Furthermore, a stearic acid-rich diet has been shown to improve
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thrombogenic and atherogenic risk factor profiles (Kelly et al., 2001). How-
ever, it is impractical at the current time to make recommendations for
saturated fatty acids on the basis of individual fatty acids.

Mortality. A number of studies have demonstrated a positive associa-
tion between serum cholesterol concentration and the incidence of mor-
tality (Conti et al., 1983; Corti et al., 1997; Haheim et al., 1993; Klag et al.,
1993; Martin et al., 1986). Some studies, however, have reported an
increased risk of non-CHD mortality, especially cancer, with low serum
cholesterol concentration, suggesting a “U” or “J” shaped curve (Agner
and Hansen, 1983; Frank et al., 1992; Kagan et al., 1981). The Poland and
United States Collaborative Study on Cardiovascular Epidemiology showed
an increased risk for cancer with low serum cholesterol concentrations in
Poland, but not in the United States (Rywik et al., 1999). It was concluded
that various nutritional and non-nutritional factors (obesity, smoking,
alcohol use) were confounding factors, resulting in the differences
observed between the two countries. As a specific example, body fat was
shown to have a “U” shaped relation to mortality (Yao et al., 1991).

Obesity. A number of studies have attempted to ascertain the relation-
ship between saturated fatty acid intake and body mass index, and these
results are mixed. Saturated fatty acid intake was shown to be positively
associated with body mass index or percent of body fat (Doucet et al.,
1998; Gazzaniga and Burns, 1993; Larson et al., 1996; Ward et al., 1994).
In contrast, no relationship was observed for saturated fatty acid intake
and body weight (González et al., 2000; Ludwig et al., 1999; Miller et al.,
1994).

Impaired Glucose Tolerance and Risk of Diabetes. Epidemiological studies
have been conducted to ascertain the association between the intake of
saturated fatty acids and the risk of diabetes. A number of these studies
found no relationship (Colditz et al., 1992; Costa et al., 2000; Salmerón et
al., 2001; Sevak et al., 1994; Virtanen et al., 2000). Several large epidemio-
logical studies, however, showed increased risk of diabetes with increased
intake of saturated fatty acids (Feskens et al., 1995; Hu et al., 2001; Marshall
et al., 1997; Parker et al., 1993). The Normative Aging Study found that a
diet high in saturated fatty acids was an independent predictor for both
fasting and postprandial insulin concentration (Parker et al., 1993). A
reduction in saturated fatty acid intake from 13.9 to 7.8 percent of energy
was associated with an 18 percent decrease in fasting insulin and a 25 percent
decrease in postprandial insulin concentrations.

Findings from short-term intervention studies tend to suggest a lack of
adverse effect of saturated fatty acids on risk indicators for diabetes in
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healthy individuals. Postprandial glucose and insulin concentrations were
not significantly different in men who ingested three different levels of
saturated fatty acids (Roche et al., 1998). Fasching and coworkers (1996)
reported no difference in insulin secretion or sensitivity in men who con-
sumed a 33 percent saturated, monounsaturated, or polyunsaturated fatty
acid diet. There was no difference in postprandial glucose or insulin con-
centration when healthy adults were fed butter or olive oil (Thomsen et
al., 1999). Louheranta and colleagues (1998) found no difference in glucose
tolerance and insulin sensitivity in healthy women fed either a high oleic
or stearic acid diet. In contrast, results of the KANWU study indicate that
consumption of high levels (18 percent of energy) of saturated fats can
significantly impair insulin sensitivity (Vessby et al., 2001).

Summary

Intakes above an identified UL indicate a potential risk of an adverse
health effects. There is a positive linear trend between total saturated fatty
acid intake and total and LDL cholesterol concentration and increased
risk of CHD. A UL is not set for saturated fatty acids because any incre-
mental increase in saturated fatty acid intake increases CHD risk. It is
neither possible nor advisable to achieve 0 percent of energy from satu-
rated fatty acids in typical whole-food diets. This is because all fat and oil
sources are mixtures of fatty acids, and consuming 0 percent of energy
would require extraordinary changes in patterns of dietary intake, such as
the inclusion of fats and oils devoid of saturated fatty acids, which are
presently unavailable. Such extraordinary adjustments may introduce
undesirable effects (e.g., inadequate intakes of protein and certain micro-
nutrients) and unknown and unquantifiable health risks. It is possible to
consume a diet low in saturated fatty acids by following the dietary
guidance provided in Chapter 11.

Cis-Monounsaturated Fatty Acids

Hazard Identification

Cardiovascular Disease. Within the range of usual intake, there are no
clearly established adverse effects of n-9 monounsaturated fatty acids in
humans. There is some preliminary evidence that a meal providing 50 g of
fat from olive oil reduced brachial artery flow-mediated vasodilation by
31 percent in 10 healthy, normolipidemic individuals versus canola oil or
salmon (Vogel et al., 2000). In addition, there is evidence from nonhuman
primates that a diet rich in n-9 monounsaturated fatty acids promotes
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atherosclerosis just as much as a diet containing isocaloric amounts of
saturated or polyunsaturated fatty acids (Rudel et al., 1997). Dietary mono-
unsaturated fatty acids induce atherogenesis due to greater hepatic lipid
concentrations (i.e., triacylglycerol, free cholesterol, and cholesteryl ester),
as well as the high degree of cholesteryl oleate enrichment in plasma
cholesteryl esters. Overconsumption of energy related to a high n-9 mono-
unsaturated fatty acid and high fat diet is another potential risk associated
with excess consumption of monounsaturated fatty acids. n-9 Mono-
unsaturated fatty acid intake may result in an increase in energy intake
from saturated fatty acids due to the simultaneous occurrence of saturated
and n-9 monounsaturated fatty acids in animal fats.

The n-7 monounsaturated fatty acid, palmitoleic acid, behaves like
saturated fatty acids in raising LDL cholesterol concentration (Nestel et
al., 1994). Watts and coworkers (1996) reported a positive correlation
between palmitoleic acid and progression of CHD.

Cancer. While most epidemiological studies indicate that mono-
unsaturated fatty acid intake is not associated with increased risk of most
cancers (Holmes et al., 1999; Hursting et al., 1990; van Dam et al., 2000;
van den Brandt et al., 1993),     a few studies have observed a positive associa-
tion. There is some epidemiological evidence for a positive association
between oleic acid intake and breast cancer risk in women with no history
of benign breast disease (Velie et al., 2000). In addition, one study reported
that women with a family history of colorectal cancer who consumed a diet
high in mono- and polyunsaturated fatty acids were at greater risk of colon
cancer than women without a family history (Slattery et al., 1997).
Giovannucci and coworkers (1993) reported a positive association between
monounsaturated fatty acid intake and risk of advanced prostate cancer,
while two studies observed increased risk of lung cancer (De Stefani et al.,
1997; Veierød et al., 1997).

Summary

Based on the lack of adequate data on adverse effects of mono-
unsaturated fatty acids, a UL is not set.

n-6 Polyunsaturated Fatty Acids

A UL is not set for n-6 polyunsaturated fatty acids because of the lack
of a defined intake level at which an adverse effect can occur (see Chap-
ter 11). An AMDR for n-6 polyunsaturated fatty acids, however, is esti-
mated based on adverse effects from consuming a diet low or high in n-6
polyunsaturated fatty acids (Chapter 11).
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n-3 Polyunsaturated Fatty Acids

Because the longer-chain n-3 fatty acids, eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA), are biologically more potent than their
precursor, α-linolenic acid, much of the work on the adverse effects of this
group of fatty acids has been on DHA and EPA.

Hazard Identification

Immune Function. Numerous studies have shown suppression of various
aspects of human immune function in vitro or ex vivo in peripheral blood
mononuclear cells, or in isolated neutrophils or monocytes in individuals
provided n-3 polyunsaturated fatty acids as a supplement or as an
experimental diet compared with baseline values before the intervention
(Table 8-8). The minimum dose observed for such an effect was 0.9 g/d of
EPA and 0.6 g/d of DHA given as fish oil for 6 to 8 weeks to healthy adults
(Cooper et al., 1993). The level of EPA that caused some type of immuno-
suppression ranged from 0.9 to 9.4 g/d when fed for 3 to 24 weeks. The
level of DHA that caused immunosuppression ranged from 0.6 to 6.0 g/d
(Table 8-8).

The data in single treatment studies comparing baseline versus post-
supplementation immune function indicate that n-3 polyunsaturated fatty
acids, especially EPA and DHA at levels 7 to 15 times greater than typical
current U.S. intakes, diminish the potential of the immune system to attack
pathogens (Kelley et al., 1998, 1999; Lee et al., 1985; Schmidt et al., 1989).
This diminished ability, however, is also associated with suppression of
inflammatory responses, suggesting benefits for individuals suffering from
autoimmune diseases such as rheumatoid arthritis. It seems that the same
doses of n-3 fatty acids that may be beneficial in chronic disease preven-
tion are doses that are also immunosuppressive.

Several studies using a design of comparison across treatment groups
(Blok et al., 1997; Kelley et al., 1998; Mølvig et al., 1991; Yaqoob et al.,
2000), rather than comparison within individuals with a baseline, have
shown a lack of several potential adverse effects of EPA and DHA supple-
mentation on human immune cell functions. In one key study, 58 healthy
men were given daily supplements of 0, 3, 6, or 9 g/d of a fish-oil supple-
ment (EPA intake of 0, 0.81, 1.62, or 2.43 g/d and DHA intake of 0, 0.16,
0.33, or 0.49 g/d) for 1 year (Blok et al., 1997). Ex vivo endotoxin-
stimulated production of interleukin (IL)-1β, tumor necrosis factor (TNF)-α,
or IL-1Ra (IL-1 receptor antagonist) did not differ among treatments up
to 6 months after the fish-oil supplementation was stopped. These data
support a lack of long-term adverse effect of fish-oil supplementation on
cytokine activity.
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TABLE 8-8 Effects of n-3 Fatty Acid Intake on Immune Function

Reference Study Design n-3 Fatty Acid Dose (Daily)a

Lee et al., 1985 7 men MaxEPA (3.2 g EPA, 2.2 g
6 wk DHA)

Endres et al., 1989 9 men MaxEPA (2.75 g EPA, 1.85 g
6 wk DHA)

Schmidt et al., 1989 12 men Cod liver oil (2.5 g EPA)
6 wk

Kelley et al., 1991 10 men Basal diet
56-d crossover Flaxseed oil-supplemented diet

(20 g 18:3n-3)

Meydani et al., 1991 6 young women, ProMega (1.68 g EPA, 0.72 g
6 older women DHA)

12 wk

Mølvig et al., 1991 8 men Placebo oil
9 men Fish oil (1 g EPA, 0.5 g DHA)

Fish oil (2 g EPA, 1 g DHA)
8 men
7 wk

Thompson et al., 1991 6 men, 6 women MaxEPA (2.16 g EPA)
4-wk crossover 12 g olive oil

Virella et al., 1991 4 men fed fish oil, Fish oil (2.4 g EPA)
2 men fed olive oil

6 wk

Yamashita et al., 1991 3 adults 3 g EPA, infused
1 d

Cooper et al., 1993 8 men and women Fish oil (0.9 g EPA, 0.6 g DHA)
6–8 wk

Endres et al., 1993 9 men MaxEPA (2.75 g EPA, 1.85 g
6 wk DHA)

Meydani et al., 1993 7 women, 3 men Low fat, high fish diet (1.23 g
24 wk after 6 wk on EPA + DHA)

typical U.S. diet
(baseline)

Sperling et al., 1993 5 women and 3 men SuperEPA (9.4 g EPA, 5.0 g
with rheumatoid DHA)
arthritis

10 wk
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Resultsb

Depressed neutrophil LTB4, 6-trans-LTB4, 5-HETE, and endothelial
adherence, monocyte LTB4 and 5-HETE, neutrophil chemotaxis

Depressed PBMC IL-1β, IL-1α, TNF, PGE2, and neutrophil
chemotaxis

Depressed neutrophil migration, monocyte cell density (marker of
monocyte migration)

Depressed PBMC proliferation in response to T-cell mitogen but not
to B-cell mitogen with flaxseed oil-supplemented diet

Depressed PBMC IL-1β  and IL-6 (greater in older women), TNF and
IL-2 (older women only)

Depressed PBMC proliferation, IL-1β in PBMCs and monocytes with
n-3 fatty acids

PBMC secretion of IL-1β, TNF-α, PGE2 or LTB4 not affected by
n-3 fatty acids

Depressed neutrophil chemiluminescence (marker of neutrophil
function) with MaxEPA diet

Depressed PBMC IL-2

Depressed NK cell activity of PBMCs

Typhoid vaccine injection site less inflamed, postvaccination
tachycardia inhibited, depressed blood IL-1 and IL-6 concentrations

Depressed PBMC IL-2 and proliferation

Depressed PBMC IL-1β, TNF, IL-6, PGE2, CD4+ lymphocytes, and
lymphocyte proliferation, delayed-type hypersensitivity

Depressed neutrophil chemotaxis, inositol tris-phosphate formation,
and LTB4, monocyte LTB4

continued
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In studies using multitreatment parallel designs, potential adverse
effects of n-3 fatty acids on immune function that were observed include
decreased expression of monocyte major histocompatibility complex anti-
gens and cell surface adhesion proteins (Hughes et al., 1996), decreased
peripheral blood mononuclear cell (PBMC) proliferation and IL-1β in

TABLE 8-8 Continued

Reference Study Design n-3 Fatty Acid Dose (Daily)a

Gallai et al., 1995 20 patients with Fish oil (3.06 g EPA, 1.86 g
relapsing/remitting DHA)
multiple sclerosis
and 15 controls

6 mo

Caughey et al., 1996 30 men Flaxseed oil-enriched diet and
4-wk diet + 4-wk diet fish oil (EPA 1.62 g, DHA

with fish oil 1.08 g)
Sunflower oil diet and fish oil

(EPA 1.62 g, DHA 1.08 g)

Hughes et al., 1996 3 men, 3 women EPA Forte (0.93 g EPA, 0.63 g
3 wk DHA)

Blok et al., 1997 58 men 0, 3, 6, or 9 g fish oil (0, 0.81,
1 y 1.62, or 2.43 g EPA; 0, 0.16,

0.33, or 0.49 g DHA)

Kelley et al., 1998 4 men Basal diet
7 men DHA-enriched oil (6 g DHA)
120 d

Kelley et al., 1999 4 men Basal diet
7 men DHA-enriched oil (6 g DHA)
120 d

Yaqoob et al., 2000 5 men, 3 women Placebo oil (3:1 coconut and
soybean oils)

7 men, 1 woman Fish oil (2.1 g EPA, 1.1 g DHA)

3 other groups of 8
fed other oils, but
all comparable to
placebo

12-wk parallel

a EPA = eicosapentaenoic acid, DHA = docosahexaenoic acid.
b LTB4 = leukotriene B4, 5-HETE = 5-hydroxyeicosatetraenoic acid, PBMC = peripheral
blood mononuclear cell, IL = interleukin, TNF = tumor necrosis factor, PGE2 = prosta-
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PBMCs and monocytes (Mølvig et al., 1991), decreased PBMC IL-2 (Virella
et al., 1991), decreased but still clinically normal neutrophils (Kelley et al.,
1998), and decreased tachycardia and inflammation after typhoid vaccine
(Cooper et al., 1993).

Resultsb

Depressed PBMC IL-1β, TNF-α, IL-2 and IFN-γ, PGE2, and LTB4,
serum-soluble IL-2 receptors

Depressed PBMC TNF-α, IL-1β, TxB2, and PGE2 with flaxseed
oil-enriched diet

Greater decreases in PBMC TNF-α, IL-1β, and TxB2 in both groups
after fish-oil supplementation

Depressed monocyte surface proteins: HLA-DR, HLA-DP, HLA-DQ,
ICAM-1, LFA-1

No effect on whole blood IL-1β, TNF-α, or IL-1 receptor antagonist

Decreased white blood cells
PBMC proliferation and delayed-type hypersensitivity not different

between groups

Depressed PBMC IL-1β and TNF-α production, in vitro PBMC PGE2
and LTB4 secretion

No effect of fish oil on PBMC NK cell activity, proliferation, types of
blood lymphocytes, IL-1α, IL-1β, TNF-α, IL-2, IL-10, and IFN-γ

glandin E2, NK cell = natural killer cell, IFN-γ = interferon-γ, TxB2 = thromboxane B2,
HLA = human leukocytes antigen, ICAM = intercellular adhesion molecule, LFA =
leukocyte function-associated antigen.
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All of the single treatment studies comparing individuals fed n-3 poly-
unsaturated fatty acids before and after supplementation showed immu-
nosuppressive effects. Differences in study design (single treatment versus
multitreatment parallel designs) seem to be quite significant in determin-
ing whether n-3 fatty acid supplementation exerts immunosuppression or
not. There is no clear basis to prefer one type of study design to the other.
For example, the difference in results between Caughey and colleagues
(1996) (a baseline comparison study) and Blok and colleagues (1997) (a
group comparison study) is not accounted for by greater variability in
measurements by the latter group. The standard deviation for whole blood
TNF-α was no more than 5 percent of the mean in the study by Blok and
coworkers (1997), and the standard deviation for mononuclear cell TNF-α
was 25 to 45 percent of the mean in the study by Caughey and coworkers
(1996). In another study using intertreatment comparisons of control
versus men given fish oil for 7 weeks, secretions of IL-1β and TNF-α were
not suppressed by fish-oil feeding, but lysates of peripheral blood mono-
nuclear cells from people given fish oil contained less IL-1β and TNF-α
than did cells from controls (Mølvig et al., 1991). Therefore, the study by
Mølvig and colleagues (1991) showed some concurrence with that of Blok
and colleagues (1997) and Caughey and colleagues (1996).

Another alternative is to extrapolate from animal studies using model
species that are known to have similar immune system components and
responsiveness compared to humans. Detailed characterization of appro-
priateness of animal models for extrapolation to humans with respect to
immunosuppression has not been done. A few animal studies have shown
the effects of dietary n-3 fatty acids on response to infection (Chang et al.,
1992; Fritsche et al., 1997). At this time, there are not sufficient data to
support establishing an UL for EPA and DHA based on infection respon-
siveness.

Bleeding and Increased Risk of Hemorrhagic Stroke. One of a number of
factors that has been suggested to link n-3 polyunsaturated fatty acid intake
with reduced risk of CHD is reduced platelet aggregation, and therefore
prolonged bleeding time. The platelet count can decline by as much
as 35 percent; however, the count does not usually fall below the lower
limit of normal (Goodnight et al., 1981). Although prolonged bleeding
times have been shown to be beneficial in preventing heart disease, bleed-
ing times can become prolonged enough to result in excessive bleeding
and bruising. Intervention studies that have examined the effects of n-3
fatty acids on bleeding time are mixed. A number of short-term studies (4
to 11 weeks) have shown significant increased bleeding time with taking
EPA/DHA supplements ranging from 2 to 15 g/d (Cobiac et al., 1991; De
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Caterina et al., 1990; Levinson et al., 1990; Lorenz et al., 1983; Mortensen
et al., 1983; Sanders et al., 1981; Schmidt et al., 1990, 1992; Smith et al.,
1989; Thorngren and Gustafson, 1981; Wojenski et al., 1991; Zucker et al.,
1988), whereas other studies using similar intake levels resulted in no dif-
ference (Blonk et al., 1990; Freese and Mutanen, 1997; Rogers et al., 1987).
Analysis of these studies collectively indicated no dose–response for EPA
and DHA intake and the percent increase in bleeding time. Schmidt and
coworkers (1992) reported increased bleeding times when 3.1 g/d of EPA
and DHA were given for 6 weeks and 9 months. None of the above studies
reported excessive bleeding times, bleeding episodes, or bruising.

Dietary feeding studies that provided approximately 2 percent of
energy as EPA and DHA from salmon did not result in increased bleeding
time compared to a stabilization diet that contained only 0.3 percent of
energy as EPA and DHA (Nelson et al., 1991). Excessive cutaneous bleed-
ing time and reduced in vitro platelet aggregability have been reported in
Greenland Eskimos (Dyerberg and Bang, 1979; Dyerberg et al., 1978) who
ingest on average 6.5 g/d (3.8 percent of energy) of EPA and DHA derived
mainly from seal (Bang et al., 1980). A tendency to bleed from the nose
and urinary tract was observed among the Greenland Eskimos (Bang and
Dyerberg, 1980). One study comparing perirenal adipose tissue fatty acid
profiles with incidence of hemorrhagic stroke in human autopsy cases
from Greenland showed that the amounts of EPA and DHA in the adipose
tissue of 4 hemorrhagic stroke victims was greater than in 26 control cases
with no cerebral pathology (Pedersen et al., 1999). Furthermore, ecologi-
cal studies have suggested an increased risk of hemorrhagic stroke among
Greenland Eskimos (Kristensen, 1983; Kromann and Green, 1980). A
recent prospective study in the United States showed no association
between intake of n-3 fatty acids and risk of hemorrhagic stroke (Iso et al.,
2001). The median intake levels for the quintiles of n-3 polyunsaturated
fat intake, however, ranged from only 0.077 to 0.481 g/d, which reflects
the relatively low intake level of n-3 fatty acids in the Unites States.

Oxidative Damage. Long-chain polyunsaturated fatty acids, particularly
DHA and EPA, are vulnerable to lipid peroxidation, resulting in oxidative
damage of various tissues. Numerous feeding studies using laboratory ani-
mals have demonstrated increased lipid peroxidation and oxidative
damage of erythrocytes, liver, and kidney membranes and bone marrow
DNA with consumption of DHA (Ando et al., 1998; Song and Miyazawa,
2001; Umegaki et al., 2001; Yasuda et al., 1999). The oxidative damage was
shown to be reduced or prevented with the coconsumption of vitamin E
(Ando et al., 1998; Leibovitz et al., 1990; Yasuda et al., 1999).
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Summary

While there is evidence to suggest that high intakes of n-3 poly-
unsaturated fatty acids, particularly EPA and DHA, may impair immune
response and result in excessively prolonged bleeding times, it is not
possible to establish a UL. Studies on immune function were done in vitro
and it is difficult, if not impossible, to know how well these artificial condi-
tions simulate human immune cell response in vivo. Data on EPA and
DHA intakes and bleeding times are mixed and a dose–response effect was
not observed. Although excessively prolonged bleeding times and increased
incidence of bleeding have been observed in Eskimos, whose diets are rich
in EPA and DHA, information is lacking to conclude that EPA and DHA
were the sole basis for these observations. At the 99th percentile of intake,
the highest intakes of dietary EPA and DHA were 0.662 and 0.651 g/d,
respectively, in men 71 years of age and older (Appendix Tables E-12 and
E-14). This EPA + DHA intake (1.31 g/d) is much lower than that for
Greenland Eskimos (6.5 g/d). EPA and DHA are available as dietary sup-
plements, and until more information is available on the adverse effects of
EPA and DHA, these supplements should be taken with caution.

Special Considerations

A few special populations have been reported to exhibit adverse effects
from consuming n-3 polyunsaturated fatty acids. Despite the favorable
effects of n-3 fatty acids on glucose homeostasis, caution has been sug-
gested for the use of n-3 fatty acids in those individuals who already exhibit
glucose intolerance or diabetic conditions (Glauber et al., 1988; Kasim et
al., 1988) that require increased doses of hypoglycemic agents (Friday et
al., 1989; Stacpoole et al., 1989; Zambon et al., 1992). Increased episodes
of nose bleeds have been observed in individuals with familial hypercholes-
terolemia during fish-oil supplementation (Clarke et al., 1990). Anticoagu-
lants, such as aspirin, warfarin, and coumadin, will prolong bleeding times
and the simultaneous ingestion of n-3 fatty acids by individuals may exces-
sively prolong bleeding times (Thorngren and Gustafson, 1981). Therefore,
the subpopulations described above should take supplements containing
EPA and DHA with caution.

Trans Fatty Acids

Hazard Identification

Total and LDL Cholesterol Concentrations. Prior to 1980 there was
generally little concern about the trend toward increased consumption of
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hydrogenated fat in the U.S. diet, especially when the hydrogenated fats
displaced fats relatively high in saturated fatty acids (Denke, 1995). During
the early 1980s studies showed a hypercholesterolemic effect of trans fatty
acids in rabbits (Kritchevsky, 1982; Ruttenberg et al., 1983). Renewed
interest in the topic of hydrogenated fat in human diets, or more precisely
trans fatty acid intake, started in the early 1990s. The availability of a
methodology to distinguish the responses of individual lipoprotein classes
to dietary modification expanded the depth to which the topic could be
readdressed.

A report from the Netherlands suggested that a diet enriched with
elaidic acid (a subfraction of 18:1 trans) compared to one enriched with
oleic acid (18:1 cis) increased total and LDL cholesterol concentrations
and decreased HDL cholesterol concentrations, hence resulting in a less
favorable total cholesterol:HDL cholesterol ratio (Mensink and Katan,
1990). Consumption of a diet enriched with saturated fatty acids resulted
in LDL cholesterol concentrations similar to those observed after individuals
consumed the diet high in elaidic acid, but HDL cholesterol concentra-
tions were similar to those observed after individuals consumed the diet
high in oleic acid. A number of similar studies have been published since
then and have reported that hydrogenated fat/trans fatty acid consump-
tion increases LDL cholesterol concentrations (Aro et al., 1997; Judd et
al., 1994, 1998; Louheranta et al., 1999; Müller et al., 1998; Sundram et al.,
1997) (Tables 8-9, 8-10, and 8-11). Recent data have demonstrated a dose-
dependent relationship between trans fatty acid intake and the LDL:HDL
ratio and when combining a number of studies, the magnitude of this
effect is greater for trans fatty acids compared with saturated fatty acids
(Figure 8-4) (Ascherio et al., 1999).

Similar to the metabolic clinical trial data, studies in free-living individuals
asked to substitute hydrogenated fat for other fat in their habitual diet
resulted in higher concentrations of total and LDL cholesterol (Table 8-11)
(Nestel et al., 1992b; Noakes and Clifton, 1998; Seppänen-Laakso et al.,
1993).

No studies have been conducted to evaluate the effect of trans fatty
acids that are present in meats and dairy products on LDL concentrations.
The relative effect of trans fatty acids in meat and dairy products on LDL
cholesterol concentration would be small compared to hydrogenated oils
because of the lower levels that are present, and because any rise in concen-
tration would most likely be due to the abundance of saturated fatty acids.

HDL Cholesterol Concentrations. The data related to the impact of
hydrogenated fat/trans fatty acids compared with unhydrogenated oil/cis
fatty acids on HDL cholesterol concentrations are less consistent than for
LDL cholesterol concentrations (Tables 8-9, 8-10, and 8-11). As reported
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TABLE 8-9 Dietary Trans Fatty Acids (TFA) and Blood Lipid
Concentration: Controlled Feeding Trials

Study
Reference Population Dieta

Mensink and 79 men and 3-wk crossover, 40% fat
Katan, 1990; women, avg 10% 18:1
Mensink et al., 25–26 y 10% SF
1992 10% TFA

Zock and Katan, 56 healthy men 3 wk crossover, 41% fat
1992 and women 18:2

18:0
TFA

Judd et al., 1994 58 men and 6-wk crossover, 40% fat
women 18:1

SFA
moderate TFA
high TFA

Aro et al., 1997 80 healthy men 5-wk intervention, 33% fat
and women, 18:0
20–52 y TFA

Sundram et al., 27 men and 4-wk crossover, 31% fat
1997 women, 18:1

19–39 y 16:0
12:0 + 14:0
TFA

Louheranta et al., 14 healthy 4-wk crossover, 37% fat
1999 women, avg 18:1

23 y TFA

Judd et al., 2002 50 men 5-wk crossover, 39% fat
18:1
18:0
TFA/18:0
TFA

a SF = saturated fat, SFA = saturated fatty acids.
b LDL-C = low density lipoprotein cholesterol, HDL-C = high density lipoprotein choles-
terol, Lp(a) = lipoprotein(a).
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Blood Lipid Concentrationsb

TFA LDL-C HDL-C Lp(a)
(% of energy) (mmol/L) (mmol/L) (mg/L)

0 2.67c 1.42c 32c

1.8 3.14d 1.42c 26d

10.9 3.04e 1.25d 45e

0.1 2.83c 1.47c

0.3 3.00d 1.41d

7.7 3.07d 1.37d

0.7 3.34c 1.42c

0.7 3.64d 1.40c,d

3.8 3.54e 1.47e

6.6 3.60d,e 1.38d

0.4 2.89c 1.42c 270c

8.7 3.13d 1.22d 308d

0 3.17 1.25 128.3
0 3.15 1.26 122.0
0 3.57 1.18 134.3
6.9 3.81 1.05 153.3

0 2.53 1.37 225 (units/L)
5.1 2.64 1.31 220 (units/L)

0 2.95c

0 3.10d

4 3.32e

8 3.36e

c,d,e Within each study, LDL-C, HDL-C, or Lp(a) concentrations that are significantly
different between treatment groups have a different superscript.
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for LDL cholesterol concentrations, the effect of hydrogenated fat/trans
fatty acids on HDL cholesterol concentrations, if present, is likely to be
dose-dependent (Judd et al., 1994). The preponderance of the data sug-
gests that hydrogenated fat/trans fatty acids, relative to saturated fatty ac-
ids, result in lower HDL cholesterol concentrations (Ascherio et al., 1999;
Zock and Mensink, 1996; Zock et al., 1995). Because of the potentially

TABLE 8-10 Hydrogenated Fat Intake and Blood Lipid
Concentrations: Controlled Feeding Trials

Study
Reference Population Dieta

Lichtenstein 14 men and 32-d crossover, 30% fat
et al., 1993 women, Baseline

44–78 y Corn oil
Corn oil margarine

Almendingen 31 men, 3-wk crossover,
et al., 1995 21–46 y 33–36% fat

Butter
PHFO
PHSO

Judd et al., 46 men and 5-wk crossover,
1998b women, 34% fat

28–65 y PUFA-M
Butter
TFA-M

Müller et al., 16 healthy 14-d crossover,
1998 females, 31–32% fat

19–30 y Vegetable oil
PHFO

Lichtenstein 36 men and 35-d crossover, 30% fat
et al., 1999 women, Soybean oil

> 50 y Semiliquid margarine
Butter
Soft margarine
Shortening
Stick margarine

a PHFO = partially hydrogenated fish oil, PHSO = partially hydrogenated soybean oil,
PUFA-M = margarine containing polyunsaturated fatty acids, TFA-M = margarine con-
taining trans fatty acids.
b TFA = trans fatty acids.



DIETARY FATS: TOTAL FAT AND FATTY ACIDS 499

differential effects of hydrogenated fat/trans fatty acids on LDL and HDL
cholesterol concentrations, concern has been raised regarding their effect
on the total cholesterol or LDL cholesterol:HDL cholesterol ratio
(Ascherio et al., 1999). However, with respect to dietary fat recommenda-
tions, the strategy to improve the total cholesterol or LDL cholesterol:HDL

c LDL-C = low density lipoprotein cholesterol, HDL-C = high density lipoprotein choles-
terol, Lp(a) = lipoprotein(a).
d,e,f Within each study, LDL-C, HDL-C, or Lp(a) concentrations that are significantly
different between treatment groups have a different superscript.

Blood Lipid Concentrationsc

TFAb LDL-C HDL-C Lp(a)
(% of energy) (mmol/L) (mmol/L) (mg/L)

0.77 3.96d 1.24d 140d

0.44 3.23e 1.14e 160d

4.16 3.49e 1.11e 130d

0.9 3.81d 1.05d 194d

8.0 3.94d,f 0.98e 234e

8.5 3.58e 1.05d 238e

2.4 3.21d 1.24d 197d

2.7 3.44e 1.27d 186e

3.9 3.27f 1.24d 202d

1.1 2.63d 1.32d 212d

1.7 2.87e 1.28d 225d

0.55 3.98d 1.11d,e 230
0.91 4.01d,e 1.11d,e 230
1.25 4.58f 1.16e 220
3.30 4.11d,e 1.11d,e 240
4.15 4.24e 1.11d,e 240
6.72 4.34e 1.01d 240
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TABLE 8-11 Dietary Trans Fatty Acids (TFA), Hydrogenated
Fat, and Blood Lipid Concentrations: Free-Living Trials

Reference Study Population Dieta

Nestel et al., 26 mildly 4-wk crossover, 42% fat
1992a hypercholesterolemic Control 1

men, 27–57 y Control 2
Blend 1
Blend 2

Nestel et al., 27 mildly 3-wk crossover, 36–37%
1992b hypercholesterolemic fat

men, 30–63 y Control
18:1
TFA
16:0

Seppänen- 57 men and women, 12-wk crossover to 1 of 2
Laakso et al., middle-aged diets, 39–43% fat
1993 Margarine

Rapeseed
Olive oil

Wood et al., 38 healthy men, 30–60 y 6-wk crossover, 38% fat
1993a Butter

Butter-sunflower
Butter-olive
Hard margarine
Soft margarine

Wood et al., 29 healthy men, 30–60 y 6-wk crossover, 37% fat
1993b Butter

Crude palm
Margarine
Refined palm
Refined palm+sunflower
Sunflower oil

Chisholm 49 hypercholesterolemic 6-wk crossover, 26–27%
et al., 1996 men and women, fat

avg 47 y Butter
Margarine



DIETARY FATS: TOTAL FAT AND FATTY ACIDS 501

Blood Lipid Concentrationsc

TFA (% of LDL-C HDL-C Lp(a)
energy) (mmol/L) (mmol/L) (units/L)

3.8 4.13c 1.11c

3.7 4.03c,d 1.15c

6.7 3.92d,e 1.10c

6.6 3.83e 1.11c

< 1 4.22c 0.98c 235c

1.4 3.90d 0.98c 236c

5.7 4.27c 0.98c 296d

< 1 4.16c 1.09d 249e

Change from Change from
baseline baseline

2.9 –0.20 +0.05
0 –0.30 –0.01
0 –0.32 0.00

2.1 3.78c 1.22c

1.0 3.49d 1.19c

1.0 3.59d 1.22c

11.1 3.47d 1.16c

0 3.26e 1.16c

0.2 3.52c 1.03c

0 3.36c 1.03c

3.0 3.36c 1.00c

0 3.41c 1.06d

0 3.41c 1.03c

0 3.23d 1.00c

1.4 4.21c 1.26c 223c

3.6 3.82d 1.24c 249c

continued
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FIGURE 8-4 Change in the low density lipoprotein (LDL):high density lipoprotein
(HDL) cholesterol concentration with increasing energy intake from saturated
and trans fatty acids. Solid line represents the best-fit regression for trans fatty
acids. Dotted line represents the best-fit regression for saturated fatty acids.
Reprinted, with permission, from Ascherio et al. (1999). Copyright 1999 by the
Massachusetts Medical Society.

TABLE 8-11 Continued

Reference Study Population Dieta

Noakes and 38 mildly hyperlipidemic 3-wk crossover, 2 groups,
Clifton,  men and women 31–35% fat
1998 Canola + TFA

TFA-free canola
Butter

PUFA + TFA
TFA-free PUFA
Butter

a PUFA = polyunsaturated fatty acids.
b LDL-C = low density lipoprotein cholesterol, HDL-C = high density lipoprotein choles-
terol, Lp(a) = lipoprotein(a).
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cholesterol ratio would not be different from that to decrease LDL choles-
terol concentrations.

Lp(a) Concentrations. Lipoprotein(a) (Lp(a)) concentrations in plasma
have been associated with increased risk for developing cardiovascular and
cerebrovascular disease, possibly via inhibition of plasminogen activity
(Lippi and Guidi, 1999; Nielsen, 1999; Wild et al., 1997). Lp(a) is a lipo-
protein particle similar to LDL with respect to its cholesterol and apolipoprotein
B100 content, but it also contains an additional apolipoprotein termed
apo(a) (Lippi and Guidi, 1999; Nielsen, 1999). Lp(a) concentrations have
been reported by some investigators to be increased after the consumption
of diets enriched in hydrogenated fat/trans fatty acids (Tables 8-9, 8-10,
and 8-11) (Almendingen et al., 1995; Aro et al., 1997; Lichtenstein et al.,
1999; Mensink et al., 1992; Nestel et al., 1992b; Sundram et al., 1997), but
not by all (Chisholm et al., 1996; Judd et al., 1998; Lichtenstein et al.,
1993; Louheranta et al., 1999; Müller et al., 1998). The magnitude of the
mean increases in Lp(a) concentrations reported to date that is associated
with trans fatty acid intake for the most part would not be predicted to
have a physiologically significant effect on cardiovascular disease risk. How-
ever, an unresolved issue at this time is the potential effect of relatively
high levels of trans fatty acids in individuals with initially high concentra-
tions of Lp(a).

Blood Lipid Concentrationsc

TFA (% of LDL-C HDL-C Lp(a)
energy) (mmol/L) (mmol/L) (units/L)

3.3 3.64c 1.19c

0 3.61c 1.28c

1.1 4.14d 1.20c

3.6 4.23c 1.17c

0 3.98d 1.23c

1.2 4.70e 1.27c

c,d,e Within each study, LDL-C, HDL-C, or Lp(a) concentrations that are significantly
different between treatment groups have a different superscript.
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Hemostatic Factors. The effect of trans fatty acids on hemostatic factors
has been assessed by a number of investigators (Almendingen et al., 1996;
Mutanen and Aro, 1997; Sanders et al., 2000; Turpeinen et al., 1998; Wood
et al., 1993b) (Table 8-12). In general, these researchers have concluded
that hydrogenated fat/trans fatty acids had little effect on a variety of
hemostatic variables. Similarly, Müller and colleagues (1998) reported that
hemostatic variables were unaffected by the substitution of a vegetable oil-
based margarine relatively high in saturated fatty acids when compared
with a hydrogenated fish oil-based margarine.

Susceptibility of LDL to Oxidation. Hydrogenated fat/trans fatty acids
have consistently been reported to have little effect on the susceptibility of
LDL to oxidation (Cuchel et al., 1996; Halvorsen et al., 1996; Nestel et al.,
1992b; Sørensen et al., 1998) (Table 8-12).

Blood Pressure. A few reports addressed the issue of trans fatty acid intake
and blood pressure (Mensink et al., 1991; Zock et al., 1993) (Table 8-12).
The authors concluded that consumption of diets high in saturated, mono-
unsaturated, or trans fatty acids resulted in similar diastolic and systolic
blood pressures.

CHD. Similar to saturated fatty acids, there is a positive linear trend
between trans fatty acid intake and LDL cholesterol concentrations (Judd
et al., 1994; Lichtenstein et al., 1999; Zock and Katan, 1992). Some evi-
dence also suggests that trans fatty acids result in lower HDL cholesterol
concentrations (Table 8-13). Hence, the net result is a higher total choles-
terol or LDL cholesterol:HDL cholesterol ratio (Judd et al., 1994;
Lichtenstein et al., 1999; Zock and Katan, 1992). This finding, combined
with data from prospective cohort studies (Ascherio et al., 1996; Gillman
et al., 1997; Hu et al., 1997; Pietinen et al., 1997; Willett et al., 1993)
(Table 8-13), has lead to the concern that dietary trans fatty acids are more
deleterious with respect to CHD than saturated fatty acids (Ascherio et al.,
1999).

Summary

Similar to saturated fatty acids, there is a positive linear trend between
trans fatty acid intake and LDL cholesterol concentration, and therefore
increased risk of CHD. A UL is not set for trans fatty acids because any
incremental increase in trans fatty acid intake increases CHD risk. Because
trans fatty acids are unavoidable in ordinary, nonvegan diets, consuming
0 percent of energy would require significant changes in patterns of dietary
intake. Such adjustments may introduce undesirable effects (e.g., elimina-
tion of commercially prepared foods and dairy products and meats that
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contain trans fatty acids may result in inadequate intakes of protein and
certain micronutrients) and unknown and unquantifiable health risks. It
is possible to consume a diet low in trans fatty acids by following the dietary
guidance provided in Chapter 11.

RESEARCH RECOMMENDATIONS

Total Fat

• Studies are needed that examine the effects of alterations in the
level of total fat in the context of a low saturated fatty acid diet on blood
lipid concentrations and glucose-insulin homeostasis in individuals with
defined metabolic syndromes, such as type 1 and type 2 diabetes.

• Randomized and blinded long-term (greater than 1 year) studies
are needed on the effect of dietary fat versus carbohydrate on body fatness.

Saturated Fatty Acids

• Further examination of intakes at which significant risk of chronic
diseases can occur is needed.

• Data that examine the indicators for and risk of chronic disease at
low levels of saturated fatty acid intake are necessary.

Cis-Monounsaturated Fatty Acids

• Information is needed to assess energy balance in free-living indi-
viduals who have implemented a diet high in monounsaturated fatty acids
versus a diet lower in monounsaturated fatty acids (and higher in
carbohydrate).

• Additional information is needed on the effects of alterations in
the level of monounsaturated fatty acid in the context of a low saturated
fatty acid diet on blood lipid concentrations and glucose–insulin homeo-
stasis in individuals with defined metabolic syndromes, such as type 1 and
type 2 diabetes.

• Studies are needed to evaluate cardiovascular disease risk status and
risk of other chronic diseases in individuals consuming a high mono-
unsaturated fatty acid diet versus a diet lower in monounsaturated fatty
acids (and higher in carbohydrate).

• An evaluation of the nutritional adequacy and nutrient profile of
free-living individuals following a self-selected high monounsaturated fatty
acid diet is necessary.

• Studies that assess the effects of a high monounsaturated fatty acid
diet on endothelial function and atherogenesis are needed.
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TABLE 8-12 Trans Fatty Acid (TFA) Intake and Blood Clotting,
Low Density Lipoprotein (LDL) Oxidation, and Blood Pressure

Study TFA (% of
Reference Population Dieta  energy)

Clotting
Wood et al., 29 men, 6-wk crossover,

1993b 30–60 y 37% fat
Butter 0.2
Crude palm oil 0
Margarine 3.0
Refined palm oil 0
Refined

palm+sunflower 0
Sunflower oil 0

Almendingen 31 men, 3-wk crossover,
et al., 1996 avg 27 y 33–36% fat

PHSO 8.5
PHFO 8.0
Butter 0.9

Mutanen and 80 men and 5-wk crossover to
Aro, 1997 women, 1 of 2 diets,

20–52 y 33–34% fat
High 18:0 0.4
High TFA 8.7

Turpeinen et al., 80 men and 5-wk crossover to
1998 women, 1 of 2 diets,

20–52 y 32–34% fat
18:0 0.4
TFA 8.7

Sanders et al., 16 men and 1 test-meal crossover,
2000 women, 7% or 65% fat

18–32 y 18:1 0.1
18:1 trans 24.7
18:0 0
16:0 0.2
MCT 0
Low fat 0

Oxidation
Cuchel et al., 14 men 32-d crossover,

1996 and women, 30% fat
44–78 y Corn oil 0.44

Corn oil+margarine 4.16
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Resultsb Comments

TxB2 6-keto-PGF1α
(pg/mL) (pg/mL)
35 89
41 94
40 86
40 87

36 100
62 95

Fibrinogen PAI-1 activity For PHSO, greater PAI-1 activity than PHFO
(g/L) (units/mL) or butter
3.0 13.5 Increased fibrinogen with butter diet
2.9 10.7 No significant difference in factor VII,
3.1 8.8 fibrinogen peptide A, β-thromboglobulin, or

tissue plasminogen activator

No marked difference in factor VII
Fibrinogen coagulation activity, tissue type
(g/L) plasminogen activity, or PAI-1 activity
3.62
3.61

No difference in TxB2 production or ADP-
induced platelet aggregation in vitro

Significant increase in collagen-induced
aggregation with 18:0 diet

FVIIc FVIIa No significant differences in factor VII
(% standard) (ng/mL) coagulation activity; factor VII-activated
124 2.7 concentrations were significantly higher
122 1.9 with 18:1, 18:1 trans, 18:0, and 16:0 diets
114 1.9
112 2.1
112 1.5
99 1.4

No difference in susceptibility to LDL
oxidation

continued
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n-6 Polyunsaturated Fatty Acids

• In metabolic and large observational studies, comparison should be
made of the benefits of α-linolenic acid, eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) across a range of n-6 polyunsaturated fatty
acid intakes.

• Using good biomarkers for low density lipoprotein oxidation and
cancer susceptibility, assessments are needed of the potential adverse
effects of diets at levels of n-6 polyunsaturated fatty acids greater than
10 percent of energy.

• Studies that assess the effects of a high n-6 polyunsaturated fatty
acid diet on markers of endothelial function and inflammation are needed.

TABLE 8-12 Continued

Study TFA (% of
Reference Population Dieta  energy)

Halvorsen et al., 29 men, 19-d crossover,
1996 21–46 y 33–36% fat

Butter 0.9
PHSO 8.5
PHFO 8.0

Sørensen et al., 47 men, 4 wk, consumed 30
1998  29–60 y g/d of 1 of 2

margarines mol % of fat
Sunflower oil 0.79
Fish oil, enriched 0.98

Blood pressure
Mensink et al., 59 men and 3-wk crossover,

1991 women, 39–40% fat
19–57 y, 18:1 0
normo- TFA 10.9
tensive SFA 1.8

Zock et al., 55 men and 3-wk crossover,
1993 women, 40–43% fat

19–49 y 18:2 0.1
18:0 0.3
TFA 7.7

a PHSO = partially hydrogenated soybean oil, PHFO = partially hydrogenated fish oil,
MCT = medium-chain triacylglycerol, SFA = saturated fatty acid.
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• Further research is needed to address the potentially important
relationships between the amount of n-3 and n-6 fatty acids and glucose
tolerance suggested by studies of fatty acid composition in affected
individuals.

n-3 Polyunsaturated Fatty Acids

• Randomized clinical trials are needed of EPA+DHA, EPA, and DHA
to evaluate their impact on cancer (i.e., colon, breast, prostate). The use
of biomarkers for cancer susceptibility may expedite such studies.

Resultsb Comments

Dienes Formation rate No significant differences in conjugated
(nmol/mg (nmol/mg dienes, lipid peroxides, uptake by
LDL) LDL × min) macrophages, or electrophoretic mobility
1,020 10 of LDL
1,034 10 TFA does not alter susceptibility to LDL
1,107 10 oxidation

Oxidation rate Fish oil consumption compared with
Dienes (nmol/mg × sunflower oil margarine had no effect on
(nmol/g) min) LDL size and led to minor changes in LDL
445 10.4 oxidation resistance
468 10.2

No effect of TFA intake on blood pressure
SBP (mmHg) DBP (mmHg)
113 66
112 67
112 67

No effect of TFA intake on blood pressure
SBP (mmHg) SBP (mmHg)
114 68
113 70
113 69

b TxB2 = thromboxane B2, 6-keto-PGF1α = 6-keto-prostaglandin F1α, PAI-1 = plasmino-
gen activator inhibitor type 1, FVIIc = factor VII coagulant activity, FVIIa = factor VII
activated, SBP = systolic blood pressure, DBP = diastolic blood pressure.
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TABLE 8-13 Dietary Trans Fatty Acids (TFA): Epidemiological
Studies

Dietary and Other
Reference Study Designa Information

Lipoprotein concentration
Siguel and 47 CAD cases No dietary intake

Lerman, 56 controls information
1993 Case-control

Coronary heart disease (CHD)
Hudgins et al., 76 men, 23–78 y No dietary intake

1991 Cross-sectional information

Troisi et al., 748 men, 43–85 y Food frequency
1992 Cross-sectional questionnaire,

multivariate
analysis

Willett et al., Women, 431 Food frequency
1993 CHD cases questionnaire,

Cohort, 8-y multivariate
follow-up analysis

Ascherio et al., 239 MI cases Food frequency
1994 282 controls questionnaire,

Case-control multivariate
analysis

Kromhout et al., 12,763 men, Weighed food
1995 40–59 y record

Cohort, 25-y
follow-up

Ascherio et al., 43,757 men, Food frequency
1996 40–75 y questionnaire,

Cohort, 6-y multivariate
follow-up analysis
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Resultsb Commentsc

Plasma Case Control TFA negatively associated with HDL
TFA (%) 1.38 1.11 TFA positively associated with LDL and
HDL (mmol/L) 0.88 1.34 TAG
LDL (mmol/L) 3.78 2.97
TAG (mmol/L) 1.78 0.97

Total TFA in adipose tissue was 4.4% Total TFA content in adipose tissue was not
of total fatty acids significantly related to risk factors of CHD

(e.g., age, BMI, LDL, cholesterol, blood
pressure)

TFA intake was directly related to total An increased TFA intake from 2.1 to 4.9 g/d
(r = 0.07, P = 0.04) and LDL increased the risk of MI by 27%
(r = 0.09, P = 0.01) cholesterol

TFA intake Positive association with TFA intake and risk
(% energy) RR of CHD of CHD
1.3 1.0
1.8 1.4
2.2 1.25
2.6 1.55
3.2 1.8

TFA intake Positive association of TFA intake and risk of
(g/d) RR of MI myocardial infarction
1.69 1.0
2.48 0.73
3.35 1.24
4.52 1.63
6.51 2.28

Correlation between 18:1trans intake and
CHD mortality is 0.78 (p < 0.001)

TFA intake TFA intake directly associated with risk of MI
(g/d) RR of MI
1.5 1.0
2.2 1.20
2.7 1.24
3.3 1.27
4.3 1.40

continued
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TABLE 8-13 Continued

Dietary and Other
Reference Study Designa Information

Gillman et al., Men, 45–64 y 24-h recall,
1997 267 CHD cases multivariate

Cohort, 21-y analysis
follow-up

Hu et al., 1997 Women, 34–59 y Food frequency
939 MI cases questionnaire,
Cohort, 14-y multivariate

follow-up analysis

Pietinen et al., Smoking men, Food frequency
1997 50–69 y questionnaire,

1,399 coronary multivariate
events analysis

635 coronary
deaths

Cohort, 6.1-y
follow-up

Tavani et al., Women, 18–74 y Questionnaire on
1997 429 MI cases selected indicator

866 controls foods,
Case-control multivariate

analysis

Cancer
Kohlmeier et al., Women, 50–74 y No diet

1997 291 breast cancer information
cases

407 controls
Case-control
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Resultsb Commentsc

No. of events RR for CHD for each increment of 1 tsp/d was
Margarine (/1,000) 0.99 for follow-up period 1 and 1.12 for
intake (tsp/d) Period 1 Period 2 period 2
0 77 65  Modest risk of CHD with increasing
1–4 42 35 margarine intake
≥ 5 18 30

TFA intake RR for 2% increment in energy from TFA
(% energy) RR of MI intake was 1.93
1.3 1.0
1.7 1.07
2.0 1.10
2.4 1.13
2.9 1.27

RR of major Positive association between TFA intake and
TFA intake (g) coronary event risk of coronary death
1.0 1.00
1.7 1.10
2.0 0.97
2.7 1.07
6.2 1.14

RR of coronary
TFA intake (g) death
1.0 1.00
1.7 1.05
2.0 1.12
2.7 0.90
6.2 1.39

Margarine The association with margarine could
intakes RR of MI explain about 6% of MI in this population
No or low 1.0
Medium or high 1.5

Adipose TFA OR of breast Risk for breast cancer is based on
concentration cancer the relative concentration of TFA and PUFA
TFA 1.46
TFA within 3.65

lowest PUFA
tertile

TFA within
highest
PUFA tertile 0.97

continued
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• Randomized clinical trials on the use of EPA+DHA, EPA, and DHA
in treatment of inflammatory disorders (e.g., Crohn’s disease, arthritis,
psoriasis, asthma) and infections are needed.

• Studies of EPA+DHA, EPA, and DHA supplementation in the
elderly to prevent degenerative diseases of the central nervous system and
retina, such as dementia, age-related macular degeneration, and night
blindness are needed.

Trans Fatty Acids

• A comprehensive database needs to be developed for the trans fatty
acid content of the United States food supply; this database could then be
used to determine the trans fatty acid intakes in different age and socio-
economic groups.

• An assessment of major sources of trans fatty acids currently in the
marketplace is needed, along with development of alternatives similar to
that done for foods high in saturated fatty acids.

• Studies that distinguish trans fatty acid isomers from plants and
animals with respect to the relative impact on blood lipid and lipoprotein
concentrations are needed.

• In light of the wide variability of trans fatty acid intakes within food
categories, the development of a biochemical marker for trans fatty acid
intake, independent of self-reported intake data, is needed.

TABLE 8-13 Continued

Dietary and Other
Reference Study Designa Information

Tuyns et al., 35–75 y Dietary history
1988 453 colon cancer

cases
365 rectal cancer

cases
2,851 controls
Case-control

a CAD = coronary artery disease, CHD = coronary heart disease, MI = myocardial infarction.
b HDL = high density lipoprotein cholesterol, LDL = low density lipoprotein cholesterol, TAG =
triacylglycerol, RR = relative risk, OR = odds ratio, PUFA = polyunsaturated fatty acid.
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9
Cholesterol

SUMMARY

Cholesterol plays an important role in steroid hormone and bile
acid biosynthesis and serves as an integral component of cell mem-
branes. Given the capability of all tissues to synthesize sufficient
amounts of cholesterol for their metabolic and structural needs,
there is no evidence for a biological requirement for dietary
cholesterol. Therefore, neither an Adequate Intake nor a Recom-
mended Dietary Allowance is set for cholesterol.

There is much evidence to indicate a positive linear trend between
cholesterol intake and low density lipoprotein cholesterol concen-
tration, and therefore increased risk of coronary heart disease
(CHD). A Tolerable Upper Intake Level is not set for cholesterol
because any incremental increase in cholesterol intake increases
CHD risk. Because cholesterol is unavoidable in ordinary diets,
eliminating cholesterol in the diet would require significant changes
in patterns of dietary intake. Such significant adjustments may
introduce undesirable effects (e.g., inadequate intakes of protein
and certain micronutrients) and unknown and unquantifiable health
risks. Nonetheless, it is possible to have a diet low in cholesterol
while consuming a nutritionally adequate diet. Dietary guidance
for minimizing cholesterol intake is provided in Chapter 11.
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BACKGROUND INFORMATION

Function

Cholesterol is a sterol that is present in all animal tissues. Tissue choles-
terol occurs primarily as free (unesterified) cholesterol, but is also bound
covalently to fatty acids as cholesteryl esters and to certain proteins.     Free
cholesterol is an integral component of cell membranes and serves as a
precursor for steroid hormones such as estrogen, testosterone, and
aldosterone, as well as bile acids.

Physiology of Absorption and Metabolism

Absorption

After emulsification and bile acid micellar solubilization, dietary choles-
terol, as well as cholesterol derived from hepatic secretion and sloughed
intestinal epithelium, is absorbed in the proximal jejunum. Cholesteryl
esters, comprising 10 to 15 percent of total dietary cholesterol, are hydro-
lyzed by a specific pancreatic esterase. Cholesterol absorption by enterocytes
is believed to occur primarily by passive diffusion across a concentration
gradient established by the solubilization of cholesterol in bile acid micelles.
However, recent evidence has shown that scavenger receptor class B type I
is present in the small intestine brush-border membrane where it facili-
tates the uptake of micellar cholesterol (Hauser et al., 1998). In addition,
as described further below, two recently identified adenosine triphosphate
binding-cassette (ABC) proteins (ABCG5 and ABCG8) have been found to
form heterodimers that export plant sterols and cholesterol from enterocytes
into the gut lumen, thereby decreasing net sterol absorption (Berge et al.,
2000). ABC1, a transporter involved in high density lipoprotein–(HDL)
mediated cellular cholesterol efflux, may also participate in this process
(Repa et al., 2000).

Esterification of cholesterol and subsequent secretion of both esteri-
fied and unesterified cholesterol into lymph and plasma in intestinally
synthesized chylomicron and HDL particles may also affect net cholesterol
uptake by enterocytes. Key components of this process include cholesterol
esterification by acylCoA:cholesterol acyltransferase; lipoprotein assembly
with the structural protein apoB48 (chylomicrons) and apoAI (HDL), as
well as with triacylglycerols and phospholipids; and lipoprotein secretion
into lymphatics facilitated by microsomal triacylglycerol transfer protein.

Cholesterol balance studies in humans have indicated a wide variation
in efficiency of intestinal cholesterol absorption (from 20 to 80 percent),
with most individuals absorbing between 40 and 60 percent of ingested
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cholesterol (Ros, 2000). As discussed below, such variability, which is likely
due in part to genetic factors, may contribute to interindividual differ-
ences in plasma cholesterol response to dietary cholesterol. In addition,
cholesterol absorption may be reduced by the cholesterol content of a
meal and by decreased intestinal transit time (Ros, 2000). Although fatty
acids are required for intestinal micelle formation, there is no strong
evidence that fat content (or other dietary constituents such as fiber) has a
significant effect on cholesterol absorption.

An average of 250 mg/d of plant sterols (e.g., sitosterol, stigmasterol,
and campesterol) are consumed in the diet, but the absorption of such
sterols (approximately 5 percent) is considerably lower than that for cho-
lesterol (Ling and Jones, 1995; Salen et al., 1970). They are not known to
have important biological effects in humans at the levels consumed in the
diet. An exception is sitosterolemia, a rare genetic disorder that is charac-
terized by markedly increased absorption and tissue accumulation of plant
sterols and elevated plasma cholesterol levels (Lütjohann et al., 1996; Salen
et al., 1992). Recently, patients with this disorder have been shown to have
mutations in genes encoding ABCG5 and ABCG8, indicating the impor-
tance of these transporters in regulating sterol absorption presumably by
promoting the export of nearly all plant sterols, and a portion of cholesterol,
from intestinal cells (Berge et al., 2000). Moreover, increased expression
of these genes induced by cholesterol feeding may be of importance in
limiting cholesterol absorption (Berge et al., 2000). The ability of very
high intakes of plant sterols to lower plasma cholesterol concentrations by
reducing cholesterol absorption may also involve regulation of this trans-
port process (Miettinen and Gylling, 1999).

Metabolism

Intestinally derived cholesterol is transported in the circulation to
other tissues via chylomicrons, and to a lesser extent HDL, mainly in the
form of cholesteryl ester. The hydrolysis of chylomicron triacylglycerols in
peripheral tissues by lipoprotein lipase and subsequent remodeling by lipid
transfer proteins yields a “remnant” particle that is internalized by receptors,
primarily in the liver, that recognize apoprotein E and perhaps other con-
stituents. Cholesterol released by intracellular cholesteryl esterase activity
can be stored in hepatocytes; re-esterified and secreted into plasma in
lipoproteins, primarily very low density lipoproteins (VLDL); oxidized and
excreted as bile acids; or directly secreted into the bile. Free and esterified
cholesterol circulate in the blood in humans principally in low density
lipoproteins (LDL).

Cholesterol homeostasis in hepatocytes is of critical importance for
the regulation of plasma LDL cholesterol concentrations (Dietschy et al.,
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1993). Increased cellular cholesterol content leads to suppression of syn-
thesis of LDL receptors via a series of steps resulting in interaction of
sterol regulatory element-binding protein (SREBP) 1 and 2 transcription
factors with a sterol response element in the LDL receptor gene (Brown
and Goldstein, 1999). Increased plasma LDL concentrations can result
from reduced hepatic LDL uptake, as well as reduced uptake of VLDL and
intermediate density lipoproteins, leading to increased metabolic conver-
sion of these particles to LDL (Kita et al., 1982). Metabolic studies in
humans have indicated that a high cholesterol diet induces both increased
LDL synthesis and reduced receptor-dependent fractional removal rate of
LDL particles (Packard et al., 1983).

There are a number of other genes involved in cholesterol and lipo-
protein metabolism in which hepatic regulation can be affected by choles-
terol availability either directly via SREBPs or indirectly by the action of
other transcription factors, such as liver X receptors (Repa and Mangelsdorf,
2000). These genes play a role in cholesterol regulatory pathways, including
those involved in cholesterol synthesis that are suppressed by cholesterol
(e.g., 3-hydroxy-3-methylglutaryl coenzyme A [HMG CoA] reductase) and
others involved in bile acid production from cholesterol that are activated
by cholesterol (e.g., 7 α-hydroxylase). Thus, increased hepatic cholesterol
delivery from diet and other sources results in a complex admixture of
metabolic effects that are generally directed at maintaining tissue and
plasma cholesterol homeostasis. However, as described below, empirical
observations in humans have indicated that increased dietary cholesterol
does result in a net increase in plasma LDL cholesterol concentrations,
probably as a consequence of reduced hepatic LDL receptor activity.

All cells are capable of synthesizing cholesterol in sufficient amounts
for their structural and metabolic needs. However, certain tissues (e.g.,
adrenal glands and gonads) derive a significant proportion of cholesterol
by uptake from plasma lipoproteins. Cholesterol synthesis via a series of
intermediates from acetyl CoA is highly regulated. The enzyme HMG CoA
reductase catalyzes the rate-limiting step in cholesterol synthesis—the for-
mation of mevalonic acid from HMG CoA. The genes for this enzyme and
a number of other proteins involved in cholesterol metabolism, such as
the LDL receptor, are regulated by intracellular sterols and other signal-
ing molecules to maintain tissue cholesterol homeostasis, as described
above. Endogenous cholesterol synthesis in humans is approximately 12 to
13 mg/kg/d (840 to 910 mg/d for a 70-kg individual) (Di Buono et al.,
2000).

Another group of diet-derived sterols with potential biological effects
are oxysterols (Vine et al., 1998), which are cholesterol oxidation products
that can be found in cholesterol-rich processed foods such as dried egg
yolk, although typical levels of oxysterols in the diet are generally low



546 DIETARY REFERENCE INTAKES

(van de Bovenkamp et al., 1988). These cholesterol oxidation products
can have major effects on cholesterol metabolism and have been shown to
be highly atherogenic in animal models (Staprans et al., 2000; Vine et al.,
1998). Their role in human nutrition remains to be established.

Overall, body cholesterol homeostasis is highly regulated by balancing
intestinal absorption and endogenous synthesis with hepatic excretion of
cholesterol and bile acids derived from hepatic cholesterol oxidation.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Given the capability of all tissues to synthesize sufficient cholesterol
for their metabolic and structural needs, there is no evidence for a biologi-
cal requirement for dietary cholesterol. As an example, many Tarahumara
Indians of Mexico consume very low amounts of dietary cholesterol and
have no reported developmental or health problems that could be attrib-
uted to this aspect of their diet (McMurry et al., 1982). Therefore, neither
an Adequate Intake (AI) nor an Estimated Average Requirement (EAR)
and Recommended Dietary Allowance (RDA) are set for cholesterol.

The question of whether cholesterol in the infant diet plays some
essential role on lipid and lipoprotein metabolism that is relevant to growth
and development or to the atherosclerotic process in adults has been diffi-
cult to resolve. The idea that the early diet might have relevance to later
lipid metabolism was first raised by Hahn and Koldovský (1966) in pre-
maturely weaned rat pups and later supported by observations that normal
weaning to a high intake of cholesterol resulted in greater resistance to
dietary cholesterol in later adulthood (Reiser and Sidelman, 1972; Reiser
et al., 1979). This led to the hypothesis that cholesterol in human milk
may play some important role in establishing regulation of cholesterol
homeostasis. Since human milk typically provides about 100 to 200 mg/L
(Table 9-1), whereas infant formulas contain very little cholesterol (10 to
30 mg/L) (Huisman et al., 1996; Wong et al., 1993), it is not surprising
that plasma cholesterol concentrations are higher in infants fed human
milk than in formula-fed infants. Formula-fed infants also have a higher
rate of cholesterol synthesis (Bayley et al., 1998; Cruz et al., 1994; Wong et
al., 1993). However, the available evidence suggests that this effect is tran-
sient. Differences in cholesterol synthesis and plasma cholesterol concen-
tration are not sustained once complementary feeding is introduced
(Darmady et al., 1972; Friedman and Goldberg, 1975; Mize et al., 1995).
Also, no clinically significant effects on growth and development due to
these differences in plasma cholesterol concentration have been noted
between breast-fed and formula-fed infants under 1 year of age. One
explanation may be that the developing brain synthesizes the cholesterol
required for myelination in situ and does not take up cholesterol from



CHOLESTEROL 547

TABLE 9-1 Cholesterol Content in Term Human Milk of
Women in the United States

Reference n Stage of Lactation Cholesterol Content (mg/L)

Picciano et al., 18 6–12 wk postpartum
1978 (pp)

Early morning 157
Midday 151
Evening 178

Mellies et al., 33 1 mo pp 201
1979 2 mo pp 195

3 mo pp 97
4 mo pp 220
5 mo pp 156
6 mo pp 283
7 mo pp 289
8 mo pp 220
9 mo pp 260

10 mo pp 210
11 mo pp 135
12–13 mo pp 151

Clark et al., 10 2 wk pp 110
1982 6 wk pp 97

12 wk pp 103
16 wk pp 104

Bitman et al., 6 3 wk pp 122
1983 6 wk pp 112

12 wk pp 103

Lammi-Keefe et al., 6 8 wk pp
1990 0600 h 88

1000 h 107
1400 h 111
1800 h 110
2200 h 112

Jensen et al., 10 12 wk pp
1995 0600–1000 h 140

1000–1400 h 162
1400–1800 h 217
1800–2200 h 220
2200–0600 h 129

Bayley et al., 14 4 mo pp 120
1998
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plasma (Edmond et al., 1991; Haave and Innis, 2001; Jurevics and Morell,
1994).

The effects of early cholesterol intake and weaning on cholesterol
metabolism later in life have been studied in a number of different animal
species (Hamosh, 1988; Kris-Etherton et al., 1979; Mott et al., 1990) and in
short-term studies with infants and children. Studies in baboons fed breast
milk or formulas with or without cholesterol and with varying fat composi-
tions found that early cholesterol intake had little effect on serum choles-
terol concentrations in young adults up to about 8 years of age (Mott et al.,
1990). However, adult baboons that had been breast fed had lower high
density lipoprotein (HDL) cholesterol concentrations, higher very low
density lipoprotein + low density lipoprotein (LDL):HDL ratios, and more
extensive atherosclerotic lesions than those that had been formula fed
(Lewis et al., 1988; Mott et al., 1990, 1995). These differences were not
explained by variations in the saturated and unsaturated fat content of the
formulas and milk. The major metabolic difference associated with the
differences in plasma lipoproteins was lower rates of bile acid synthesis
and excretion among the baboons that had been breast fed.

The possible relations of early breast and bottle feeding with later
cholesterol concentrations and other coronary heart disease risk factors
were explored in several short-term studies and larger retrospective epide-
miological studies, but these observations are inconsistent (Fall et al., 1992;
Kolacsek et al., 1993; Leeson et al., 2001; Ravelli et al., 2000).

The relationship between early dietary cholesterol intake from milk or
formula and serum cholesterol concentration in infancy and that observed
in children and young adults following their usual diets was either absent
(Andersen et al., 1979; Friedman and Goldberg, 1975; Glueck et al., 1972;
Huttunen et al., 1983), in favor of formula feeding compared to breast
feeding during infancy in 7- to 12-year-old children (Hodgson et al., 1976),
or in favor of feeding human milk compared to formula feeding in men
and women. The disparate findings may be due to confounding factors
such as duration of breast feeding, since human-milk feeding for less than
3 months was associated with higher serum cholesterol concentrations in
men at 18 to 23 years of age, or the type of formula fed since formula
composition, especially quality of fat, which has changed dramatically in
the last century (Kolacsek et al., 1993). A follow-up study of nearly 6,000
elderly men for whom early feeding methods had been recorded found
higher total and LDL cholesterol concentrations and increased risk of
coronary heart disease (CHD) mortality in men who had been exclusively
fed human milk than in those who had been fed human milk and bottle
fed or fed human milk and weaned at 1 year of age. Men who had been
exclusively bottle-fed during infancy also had higher total and LDL choles-



CHOLESTEROL 549

terol concentrations and CHD mortality than men who had previously
been fed human milk (Fall et al., 1992).

The available data do not warrant a recommendation with respect to
dietary cholesterol intake for infants who are not fed human milk. How-
ever, further research to identify possible mechanisms whereby early nutri-
tional experiences affect the atherosclerotic process in adults, as well as
the sensitive periods in development when this may occur, would be
valuable.

INTAKE OF CHOLESTEROL

Food Sources

Cholesterol is present in foods of animal origin. High amounts of
cholesterol are present in liver (375 mg/3 oz slice) and egg yolk (250 mg/
yolk). Although generally low in total fat, some seafood, including shrimp,
lobster, and certain fish, contain moderately high amounts of cholesterol
(60 to 100 g/half-cup serving). One cup of whole milk contains approxi-
mately 30 mg of cholesterol, whereas the cholesterol contained in 2 per-
cent and skim milk is 15 and 7 mg/cup, respectively. Therefore, products
that contain milk (e.g., cheese, ice cream, and cottage cheese) are moderate
sources of cholesterol. One tablespoon of butter contains approximately
12 mg of cholesterol, whereas margarine does not contain cholesterol.
The majority of cholesterol is consumed from eggs and meat (FASEB,
1995).

Dietary Intake

Based on intake data from the Continuing Survey of Food Intakes by
Individuals (1994–1996, 1998), the median cholesterol intake ranged from
approximately 250 to 325 mg/d for men and 180 to 205 mg/d for women
(Appendix Table E-15).

ADVERSE EFFECTS OF OVERCONSUMPTION

Hazard Identification

Plasma Total, HDL, and LDL Cholesterol Concentrations

Numerous studies in humans have examined the effects of dietary
cholesterol on plasma total and lipoprotein cholesterol concentrations
(Tables 9-2 and 9-3, Figures 9-1 and 9-2), and empirical formulas have
been derived to describe these relationships. Although most studies have
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TABLE 9-2 Effects of Adding Dietary Cholesterol to Defined
Diets with Strict Control of Dietary Intake on Serum
Cholesterol Concentration

Baseline
Dietary Added Dietary
Cholesterol Cholesterol

Reference n (mg/d) (mg/d)

Beveridge et al., 6 13 81
1960 9 13 140

9 13 280
9 13 621
6 13 1,282

10 13 2,481
9 13 4,490

Connor et al., 2 0 475
1961a 2 0 950

2 0 1,425

Connor et al., 3 0 2,400
1961b 1 0 1,650

1 0 1,900
1 0 4,800

Steiner et al., 1962 6 0 3,000

Wells and Bronte- 3 0 17
Stewart, 1963 3 0 42

3 0 67
3 0 88
3 0 142
3 0 267
3 0 517
3 0 1,017
3 0 1,517
3 0 3,017

Connor et al., 1964 6 0 729
5 0 725

Erickson et al., 6 0 742
1964 6 0 742

Hegsted et al., 1965 10 116 570
10 306 380
10 116 570
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Change in
Serum Total Percent of
Cholesterol Calories from
(mmol/L) Fat P:S Ratio

0.06 30 0.08
0.10 30 0.08
1.17 30 0.08
0.43 30 0.08
0.59 30 0.08
1.20 30 0.08
0.87 30 0.08

1.71 40 0.76
1.64 40 0.76
1.99 40 0.76

1.47 40 0.88
2.43 40 0.88
2.97 40 0.88
2.53 40 0.88

1.30 40 0.68

0.44 15
0.56 15
0.66 15
0.80 15
0.96 15
1.03 15
1.18 15
1.09 15
1.29 15
1.23 15

1.03 40 0.25
0.74 40 1.7

0.61 41 1.6
0.69 41 1.6

0.75 39 5.4
0.29 39 0.05
0.70 39 0.68

continued
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TABLE 9-2 Continued

Baseline
Dietary Added Dietary
Cholesterol Cholesterol

Reference n (mg/d) (mg/d)

Keys et al., 1965 22 50 470
22 50 1,410
22 50 33
22 50 1,400
22 50 1,410

National Diet-Heart 81 126 495
Study Research 81 126 495
Group,1968 57 401 495

57 154 495

Quintão et al., 1971 4 43 2,441
1 43 499
1 44 197
2 53.5 4,002

Mattson et al., 1972 14 0 297
14 0 594
14 0 888

Anderson et al., 12 3 291
1976 12 3 291

Nestel and Poyser, 4 210 500
1976 2 257 500

2 334 532
1 103 439

Quintão et al., 1977 6 0 3,250

Bronsgeest-Schoute 21 98 567
et al., 1979a, 21 98 567
1979b 9 124 607

9 124 607

Lin and Connor, 2 45 1,081
1980

McMurry et al., 12 0 600
1981
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Change in
Serum Total Percent of
Cholesterol Calories from
(mmol/L) Fat P:S Ratio

0.36 40
0.70 40
0.41 40
0.80 40 1.3
0.75 40 0.08

0.12 30 2.31
0.27 39 0.5
0.32 40 0.08
0.18 40 0.96

0.96 40 0.93
0.88 40 0.93

–0.80 40 0.93
0.13 40 0.93

0.34 39 0.31
0.61 39 0.31
1.05 39 0.31

0.23 35 0.26
0.21 35 4.7

1.56 40 1.9
0.25 40 1.9
0.76 40 1.9
0.67 40 1.9

0.74

0.32 44 2
0.25 44 2
0.70 34 0.2
0.66 34 0.2

2.45 40 0.8

0.93 40 0.8

continued
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TABLE 9-2 Continued

Baseline
Dietary Added Dietary
Cholesterol Cholesterol

Reference n (mg/d) (mg/d)

McMurry et al., 8 0 905
1982

Nestel et al., 1982 6 200 1,500

Schonfeld et al., 11 300 750
1982 9 300 1,500

6 300 750
6 300 1,500
6 300 750
6 300 1,500

Maranhão and 13 40 1,350
Quintdo, 1983

Applebaum- 9 137 897
Bowden et al.,
1984

Beynen and Katan, 6 114 526
1985b

Katan et al., 1986 94 110 500

Zanni et al., 1987 9 130 745
9 130 745

Johnson and 10 200 400
Greenland, 1990

Ginsberg et al., 20 128 155
1994 20 128 340

20 128 730

Sundram et al., 17 192 7
1994 17 192 13

Fielding et al., 20 200 403
1995 22 200 435

Ginsberg et al., 13 108 169
1995 13 108 559
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Change in
Serum Total Percent of
Cholesterol Calories from
(mmol/L) Fat P:S Ratio

0.88 20 0.7

0.42 31 1

0.47 40 0.32
0.72 40 0.32
0.13 40 0.8
0.70 40 0.8
0.05 40 2.5
0.26 40 2.5

1.19 40 0.93

0.28 40 0.82

0.25 42 0.46

0.5 42 0.16

0.58 31 2.1
0.39 31 0.64

0.26 30 1.5

0.14 27 0.89
0.16 27 0.93
0.29 28 0.87

0.06 31 0.21
–0.35 31 0.25

0.50 39 0.81
0.76 36 0.28

0.16 28 0.89
0.41 28 0.86
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TABLE 9-3 Effects of Adding Dietary Cholesterol to
Self-Selected Diets with Strict Control of Dietary Intake on
Serum Cholesterol Concentration

Baseline Added
Dietary Dietary
Cholesterol Cholesterol

Reference n (mg/d) (mg/d)

Slater et al., 1976 25 314 482

Kummerow et al., 21 250 470
1977

Porter et al., 1977 55 301 235
59 301 235

Flynn et al., 1979 56 260 540
60 260 540

Mistry et al., 1981 37 522 1,500
14 480 750

Roberts et al., 16 196 532
1981

Packard et al., 7 180 1,290
1983

Beynen and 6 207 1,596
Katan, 1985a 6 207 1,596

Oh and Miller, 21 474 654
1985

Edington et al., 33 120 188
1987 135 120 188

McNamara et al., 39 192 628
1987 36 288 575

Kestin et al., 1989 10 180 686
15 204 735

Clifton et al., 1990 Normal: 11 185 681
Hypercholesterolemic

diet-insensitive: 22 185 681
Hypercholesterolemic

diet-sensitive: 23 185 681
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Change in
Serum Total Percent of
Cholesterol Calories
(mmol/L) from Fat P:S Ratio

–0.09

0.05 40

0.16 38
0.03 38

0.49 38
0.00 38

0.75 41
0.62 41

0.40 40

1.47 38 0.17

0.48 46 0.5
0.61 46 0.5

0.27 35 0.62

0.13 26 0.8
0.12 35 0.6

0.16 35 1.45
0.13 35 0.27

–0.02 41 0.37
0.04 36 0.85

0.06 29 0.6

0.19 29 0.6

0.36 29 0.6

continued
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FIGURE 9-1 Relationship between change in dietary cholesterol (0 to 1,000 mg/d)
and change in serum total cholesterol (TC) concentration.

TABLE 9-3 Continued

Baseline Added
Dietary Dietary
Cholesterol Cholesterol

Reference n (mg/d) (mg/d)

Kern, 1994 8 585 2,393
8 548 2,462

McCombs et al., 12 213 938
1994 11 197 888

Clifton et al., 1995 67 151 691
53 208 939

Sutherland et al., 12 349 250
1997 14 349 250

Romano et al., 10 200 800
1998 11 200 800
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FIGURE 9-2 Relationship between change in dietary cholesterol (0 to 4,500 mg/d)
and change in serum cholesterol (TC) concentration.

Change in
Serum Total Percent of
Cholesterol Calories
(mmol/L) from Fat P:S Ratio

0.14 44 0.59
–0.22 44 0.65

0.57 35 0.49
0.16 34 0.54

0.36 35 0.31
0.34 35 0.30

0.18 34
0.15 34

0.29 30
0.46 30
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reported a linear relationship between changes in dietary cholesterol and
total serum cholesterol concentration, other studies, including a meta-
analysis of 27 controlled metabolic feeding studies of added dietary choles-
terol (Hopkins, 1992), have indicated a curvilinear univariate relationship
that is quasilinear in the range from 0 to 300 to 400 mg/d of added dietary
cholesterol. The range of added dietary cholesterol in the studies was 17
to 4,800 mg/d. The meta-analysis also identified a diminishing increment
of serum cholesterol with increasing baseline dietary cholesterol intake.
With a baseline cholesterol intake of 0, the estimated increases in serum
total cholesterol concentration for intakes from 100 to 400 mg/d of added
dietary cholesterol were 0.16 to 0.51 mmol/L, whereas for a baseline cho-
lesterol intake of 300 mg/d, the estimated increases in serum total choles-
terol were 0.05 to 0.16 mmol/L (Hopkins, 1992). Another meta-analysis
showed that dietary cholesterol raises the ratio of total cholesterol to high
density lipoprotein (HDL) cholesterol, therefore adversely affecting the
cholesterol profile (Weggemans et al., 2001).

Other predictive formulas for the effect of 100 mg/d of added dietary
cholesterol, which did not consider baseline cholesterol intake and are
based on compilations of studies with a variety of experimental conditions,
have yielded estimates of 0.1 mmol/L (Hegsted, 1986), 0.057 mmol/L
(Howell et al., 1997), and 0.065 mmol/L (Clarke et al., 1997), the latter
two involving meta-analyses with adjustment for other dietary variables.
Furthermore, pooled analyses of the effects of 100 mg/d of added dietary
cholesterol on plasma lipoprotein cholesterol concentrations (Clarke et
al., 1997) indicated an estimated increase of 0.05 mmol/L in low density
lipoprotein (LDL) and 0.01 mmol/L in HDL (ratio of 5 LDL:1 HDL).
There is evidence that the increase in HDL is largely accounted for by
higher levels of apoE-containing HDL particles (Mahley et al., 1978), but
the significance in atherosclerosis protection is not established. Hegsted
and coworkers (1993) reported that the majority of the increase in serum
total cholesterol concentration with increased cholesterol intake was due
to an increase in LDL cholesterol concentration.

The incremental serum cholesterol response to a given amount of
dietary cholesterol appears to diminish as baseline serum cholesterol intake
increases (Hopkins, 1992). There is also evidence from a number of studies
that increases in serum cholesterol concentration due to dietary choles-
terol are blunted by diets low in saturated fat, high in polyunsaturated fat,
or both (Fielding et al., 1995; National Diet-Heart Study Research Group,
1968; Schonfeld et al., 1982), although this effect has not been observed
by others (Kestin et al., 1989; McNamara et al., 1987).

There is considerable evidence for interindividual variation in serum
cholesterol response to dietary cholesterol, ranging from 0 to greater than
100 percent (Hopkins, 1992). It has been reported that such responsive-
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ness is relatively stable within individuals (Beynen and Katan, 1985b) and
appears to be correlated with serum cholesterol response to saturated fatty
acids (Katan et al., 1988). Intrinsic differences in intestinal cholesterol
absorption (Sehayek et al., 1998), suppression of hepatic cholesterol syn-
thesis by dietary cholesterol (Dietschy et al., 1993; McNamara et al., 1987;
Nestel and Poyser, 1976; Quintão et al., 1971), and LDL catabolism (Dietschy
et al., 1993; Mistry et al., 1981) may all contribute to the observed variation
in dietary cholesterol response.

There is increasing evidence that genetic factors underlie a substantial
portion of interindividual variation in response to dietary cholesterol. An
instructive case is that of the Tarahumara Indians, who in addition to
consuming a diet low in cholesterol, have both low intestinal cholesterol
absorption and increased transformation of cholesterol to bile acids
(McMurry et al., 1985). However, with an increase in dietary cholesterol
from 0 to 905 mg/d, their average plasma cholesterol concentration
increased 0.88 mmol/L (from 2.92 to 3.8 mmol/L), the same value pre-
dicted by the formula of Hopkins (1992), indicating the likelihood of
above-average responsiveness of other aspects of cholesterol or lipoprotein
metabolism.

Variations in several genes have been associated with altered respon-
siveness to dietary cholesterol. The common E4 polymorphism of the apoE
gene has been associated with increased cholesterol absorption (Kesäniemi
et al., 1987) and with increased plasma LDL cholesterol response to dietary
saturated fat and cholesterol in some, but not all studies (Dreon and
Krauss, 1997). The recent finding that apoE is of importance in regulating
cholesterol absorption and bile acid formation in apoE knockout mice
(Sehayek et al., 2000) lends support to a possible role for this gene in
modulating dietary cholesterol responsiveness in humans. The A-IV-2 vari-
ant allele of the apo A-IV gene has been found to attenuate the plasma
cholesterol response to dietary cholesterol (McCombs et al., 1994). Recently,
the A-IV-2 allele has been associated with reduced intestinal cholesterol
absorption in diets high in polyunsaturated fat but not in diets high in
saturated fat (Weinberg et al., 2000). However, this has not been con-
firmed in other studies (Weggemans et al., 2000). Finally, the recent dis-
covery that defects in the ABCG5 and ABCG8 genes can lead to markedly
increased intestinal absorption of both cholesterol and plant sterols (Berge
et al., 2000) points to the possibility that more common variants of these
genes may contribute to variation in cholesterol absorption and dietary
cholesterol response in the general population.

There are numerous other candidate genes that could modulate
plasma lipid and lipoprotein response to dietary cholesterol by affecting
cholesterol absorption, cellular cholesterol homeostasis, and plasma lipo-
protein metabolism. Among the most likely candidates are those regulated
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by lipid-responsive nuclear transcription factors, including sterol regula-
tory element-binding proteins, peroxisome proliferator-activated receptors,
and orphan nuclear receptors. Studies in animal models have generated
data in support of the possibility that variations among these genes may be
of importance in influencing dietary cholesterol response in humans, but
to date such human data are lacking. Nevertheless, the existence of marked
interindividual variability in dietary cholesterol response among and within
various animal models points to the likelihood that some of the mecha-
nisms underlying this variability will also apply to humans.

Cardiovascular Disease and CHD

An association of dietary cholesterol with cardiovascular disease is
based on several lines of evidence, including studies in animal models,
epidemiological data in humans, and the effects of dietary cholesterol on
plasma lipoproteins (Table 9-4).     There is compelling evidence that dietary
cholesterol can induce atherosclerosis in several animal species, including
rabbits, pigs, nonhuman primates, and transgenic mice (Bocan, 1998;
McNamara, 2000; Rudel, 1997). However, given the existence of marked
inter- and intraspecies differences in cholesterol metabolism and athero-
genic mechanisms, it is not possible to extrapolate these data directly to
humans.

A number of prospective epidemiological studies have investigated the
relationship of dietary cholesterol and other nutrients to the development
of coronary heart disease (CHD) (reviewed in Kritchevsky and Kritchevsky,
2000; McNamara, 2000). Significant univariate relationships of cholesterol
intake to risk for CHD have been observed in the Seven Countries Study
(Kromhout et al., 1995) and the Honolulu Heart Program (McGee et al.,
1984). A significant relative risk was also observed in the Western Electric
Study, which remained significant after adjustment for a number of
covariates, including dietary fat and serum cholesterol concentration
(Stamler and Shekelle, 1988). More recently, in a study of 10,802 health-
conscious men and women in the United Kingdom, a univariate relation-
ship of cholesterol intake to ischemic heart disease mortality was observed
(Mann et al., 1997).

However, a number of other epidemiological studies have not demon-
strated a significant independent relationship of dietary cholesterol intake
and CHD (Esrey et al., 1996; Kromhout and de Lezenne Coulander, 1984;
Pietinen et al., 1997; Posner et al., 1991). In a cohort of 43,757 male
health professionals, dietary cholesterol intake was significantly related to
age-adjusted risk for myocardial infarction and fatal CHD (p < 0.003 and
0.002, respectively) across cholesterol quintiles ranging from median
intakes of 189 to 422 mg/d (Ascherio et al., 1996). However, the risk was
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attenuated with multivariate analyses (p < 0.07 and 0.03), which included
other risk factors such as body mass index, smoking habits, alcohol
consumption, physical activity, history of hypertension or high blood
cholesterol, family history of myocardial infarction, and profession. The
risk became insignificant after adjustment for fiber intake, which was
reported to be significantly inversely related to CHD risk in this cohort. A
similar cohort analysis in a group of 80,082 female nurses showed a posi-
tive but nonsignificant relationship between dietary cholesterol and CHD
in quintiles of median intakes ranging from 132 to 273 mg/1,000 kcal/d
(Hu et al., 1997). In both the male Health Professionals Follow-up Study
and the female Nurses’ Health Study cohorts, there was no relationship of
egg intake to CHD risk with intakes of up to 1 egg/d (Hu et al., 1999).
There was, however, a significant increase of CHD risk associated with
higher ranges of egg consumption in patients with diabetes. This finding
was corroborated in a European study, but after multivariate analysis adjust-
ing for fiber intake, the association was no longer significant (Toeller et
al., 1999).

Measures of atherosclerosis using imaging techniques have also been
assessed in relation to diet. Angiographically assessed coronary artery disease
progression over 39 months in 50 men was weakly related to cholesterol
intake in univariate, but not multivariate, analysis (Watts et al., 1994). In
13,148 male and female participants in the Atherosclerosis Risk in Commu-
nities Study, carotid artery wall thickness, an index of early atherosclerosis,
was significantly related to dietary cholesterol intake by univariate analyses;
multivariate analysis was not performed (Tell et al., 1994).

The lack of consistency in observations relating dietary cholesterol
intake to clinical cardiovascular disease and CHD endpoints may be due to
many factors, including the limited ability to detect such effects (e.g., due
to relatively small increases in LDL cholesterol concentration and inaccu-
racies in dietary intake data) and to the limited ability to distinguish the
effects of dietary cholesterol independent of energy intake and other dietary
variables that may be positively (e.g., saturated fat intake) or negatively
(e.g., fiber intake) associated with dietary cholesterol and heart disease
risk. Another uncertainty relates to interpreting the effects of dietary
cholesterol on blood cholesterol concentrations. Evidence indicates
that increased dietary cholesterol results, on average, in increased blood
concentrations of both LDL and HDL cholesterol, and it is possible that
the net impact on cardiovascular disease risk depends on the relative
changes in these lipoproteins, as well as on other unmeasured mediators
of atherogenesis. Finally, the considerable interindividual variation in lipid
response to dietary cholesterol may result in differing outcomes in differ-
ent populations or population subgroups.
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TABLE 9-4 Dietary Cholesterol and Coronary Heart Disease
(CHD)

Reference Study Design Diet Information

Kromhout and Men, 40–59 y Dietary history
de Lezenne 14 cases
Coulander, 1984 857 controls

Cohort, 10-y
follow-up

McGee et al., 1984 456 cases 24-h recall
6,632 controls Adjusted for age
Cohort, 10-y

follow-up

Kushi et al., 1985 Men Dietary history
110 cases Adjusted for age
891 controls and cohort
Cohort, 20-y

follow-up

McGee et al., 1985 8,006 men 24-h recall
Cohort, 10-y Adjusted for age

follow-up

Posner et al., 1991 Men 45–55 y 24-h recall
Cohort, 16-y Multivariate

follow-up analysis

Tzonou et al., 1993 Men and women Dietary history
329 cases
570 controls
Case-control

Tell et al., 1994 Men and women, Food frequency
45–64 y questionnaire

Cohort

Watts et al., 1994 50 men Dietary history
26 lipid-lowering

diet
24 usual care
Intervention
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Resultsa Comments

Mean cholesterol intake (mg/1,000 kcal) No association between cholesterol
Cases 145 intake and CHD
Controls 143

Mean cholesterol intake (mg/1,000 kcal) Significant positive association
Cases 256 between cholesterol intake and
Controls 241 incidence of CHD

Mean cholesterol intake (mg/1,000 kcal) Significantly greater cholesterol
Cases 266 intake in CHD deaths
Controls 248

Cholesterol intake Rate of CHD death Cholesterol intake as mg/1,000 kcal
(mg/1,000 kcal) (per 1,000) positively associated with CHD
< 125 ≈ 8 death, but not when intake
 125–175 ≈ 16 measured as mg/d
 175–225 ≈ 14
 225–275 ≈ 12
 275–325 ≈ 13

> 325 ≈ 20

Cholesterol No association between cholesterol
intake (mg/d) RR of CHD intake and risk of CHD
300 1.0
529 0.99

Mean cholesterol intake (mg/d) No association between cholesterol
Men Women intake and CHD

Cases 345 322
Controls 350 292

Cholesterol intake was positively
associated with carotid artery wall
thickness

Mean cholesterol intake (mg/d) Cholesterol was positively associated
Diet 215 with progression of coronary
Usual 341 artery disease

continued
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TABLE 9-4 Continued

Reference Study Design Diet Information

Ascherio et al., Men 40–75 y Food frequency
1996 734 cases questionnaire

Cohort, 6-y Multivariate
follow-up analysis

(including fiber
intake)

Esrey et al., 1996 52 cases, 30–59 y 24-h recall
3,873 controls Multivariate
40 cases, 60–79 y analysis
581 controls
Cohort, 12-y

follow-up

Hu et al., 1997 80,082 women, Food frequency
34–59 y questionnaire

Cohort, 14-y Multivariate
follow-up analysis

Mann et al., 1997 Men and women, Food frequency
16–79 y questionnaire

Prospective Adjusted for age,
observation sex, smoking,

and social class

Pietinen et al., Smoking men, Food frequency
1997 50–69 y questionnaire

Cohort, 6.1-y Multivariate
follow-up analysis
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Resultsa Comments

Mean cholesterol RR for MI No significant association between
intake (mg/d) or fatal CHD cholesterol intake and risk for MI
189 1.00 or fatal CHD after adjustment for
246 0.86 fiber intake
290 0.98
338 0.94
422 1.03

Mean cholesterol intake (mg/d) Cholesterol intake was not
Age (y) 30–59 60–79 significantly associated with CHD
Cases 427 423 mortality
Controls 416 355

Quintile of RR of A positive but nonsignificant
cholesterol intake CHD association between cholesterol
1 1.00 intake and risk of CHD
2 1.19
3 1.14
4 1.32
5 1.25

Tertile of IHD death Increased IHD mortality with
cholesterol intake rate ratio increased cholesterol intake
1st 100
2nd 181
3rd 353

Median cholesterol RR of coronary No association between cholesterol
intake (mg/d) death intake and risk of coronary death
390 1.00
477 0.90
543 0.81
621 0.86
768 0.92

continued
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TABLE 9-4 Continued

Reference Study Design Diet Information

Hu et al., 1999 37,851 men, Food frequency
40–75 y questionnaire

866 cases Multivariate
Cohort, 8-y analysis

follow-up
80,082 women,

34–59 y
939 cases
Cohort, 14-y

follow-up

Toeller et al., Diabetic men and 3-d dietary records
1999 women, 14–61 y Multivariate

Cross-sectional analysis
(including fiber
intake)

Cancer

As shown in Tables 9-5 through 9-8, no consistent significant associa-
tions have been established between dietary cholesterol intake and cancer,
including lung, breast, colon, and prostate. Several case-control studies
have suggested that a high consumption of cholesterol may be associated
with an increased risk of lung cancer (Alavanja et al., 1993; Byers et al.,
1987; Goodman et al., 1988; Hinds et al., 1983; Jain et al., 1990). This
positive association was shown in one cohort study (Shekelle et al., 1991),
but not in three others (Heilbrun et al., 1984; Knekt et al., 1991; Wu et al.,
1994).

Dose–Response Assessment

The main adverse effect of dietary cholesterol is increased serum LDL
cholesterol concentration, which would be predicted to result in increased
risk for CHD. Serum HDL concentration also increases, although to a

a RR = relative risk, MI = myocardial infarction, IHD = ischemic heart disease, OR =
odds ratio, CVD = cardiovascular disease.
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Resultsa Comments

Egg intake Mean cholesterol RR of No significant association between
(eggs/wk) intake (mg/d) CHD egg consumption (up to 1 egg/d)
Men and risk of CHD
< 1 237 1.00
 1 266 1.06
 2–4 330 1.12
 5–6 404 0.90

≥ 7 536 1.08

Women
< 1 228 1.00
 1 258 0.82
 2–4 342 0.99
 5–6 436 0.95

≥ 7 557 0.82

Cholesterol No significant association between
intake (mg/d) OR for CVD cholesterol intake and CVD risk
15–236 1.00 after adjusting for fiber intake

236–335 0.80
335–461 0.86
462–2,165 0.96

lesser extent, but the impact of such a diet-induced change in CHD risk is
uncertain.

As reviewed above, on average, an increase of 100 mg/d of dietary
cholesterol is predicted to result in a 0.05 to 0.1 mmol/L increase in total
serum cholesterol, of which approximately 80 percent is in the LDL fraction.
This effect of added cholesterol is highly variable among individuals and is
considerably attenuated at higher baseline cholesterol intakes. The LDL
cholesterol concentration increase would predict approximately a 1 to 2 per-
cent increase in CHD, with possibly offsetting effects of increased HDL
cholesterol concentration. Epidemiological studies have limited power
to detect effects of such magnitude and thus do not provide a meaningful
basis for establishing adverse effects of dietary cholesterol. Therefore, it
would seem reasonable to define the lowest-observed-adverse-effect level
for dietary cholesterol as the lowest level shown to increase total or LDL
cholesterol concentration. However, no studies have examined the effects
of very small increments of dietary cholesterol in numbers of subjects suffi-
ciently large enough to permit statistical treatment of the data. An increase
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TABLE 9-5 Dietary Cholesterol and Risk of Lung Cancer

Reference Study Design Dietary and Other Information

Hinds et al., Men Dietary history
1983 188 cases Adjusted for smoking, age,

294 controls ethnicity, and
Case-control occupational exposure

Heilbrun et al., Men 24-h recall
1984 109 cases Adjusted for age and

7,420 controls smoking
Cohort, 15-y

follow-up

Byers et al., Men and women Food frequency
1987 450 cases questionnaire

902 controls Adjusted for age and
Case-control smoking

Goodman et al., Men and women Dietary history
1988 336 cases Adjusted for age,

865 controls ethnicity, and pack-
Case-control years of smoking

Jain et al., Men and women Dietary history
1990 839 cases Adjusted for cumulative

772 controls cigarette smoking
Case-control

Knekt et al., Men Dietary history
1991 117 cases Adjusted for age,

4,421 controls smoking, and
Cohort, 20-y energy intake

follow-up
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Resultsa Comments

Cholesterol intake (mg/d) RR of lung cancer Increased lung cancer risk was
0–143 1.00 positively associated with
144–285 1.65 cholesterol intake
286–500 2.28
≥ 501 3.50

Cholesterol intake (mg/d) RR of lung cancer No significant association
0–299 1.00 between lung cancer risk
300–499 0.71 and cholesterol intake
500–749 0.99
≥ 750 0.98

Quartile of RR of lung cancer Weak but nonsignificant
cholesterol intake Men Women association between
1 (low) 0.7 1.1 cholesterol intake and lung
2 0.9 1.7 cancer risk in men, but not
3 1.2 1.2 in women
4 (high) 1.0 1.0

Mean cholesterol Significant positive association
intake (mg/d) Men Women between lung cancer risk
Cases 385 249 and cholesterol intake in
Controls 332 245 men, but not in women

Quartile of OR for lung cancer
cholesterol intake Men Women
1 (low) 1.0 1.0
2 2.3 0.6
3 1.8 1.5
4 (high) 2.2 0.9

Cholesterol intake (mg/d) OR for lung cancer Significant increase in risk of
< 235 1.00 lung cancer in highest
235–342 0.87 quartile with cholesterol
343–468 0.99 intake > 468 mg/d
> 468 1.58

Cholesterol intake (mg/d) RR of lung cancer Cholesterol intake was not
< 441 1.00 associated with risk of
441–609 0.80 lung cancer
> 609 1.03

continued
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TABLE 9-5 Continued

Reference Study Design Dietary and Other Information

Shekelle et al., Men Dietary history
1991 57 cases Adjusted for age, smoking,

1,821 controls β-carotene intake, and
Cohort, 24-y percent of calories

follow-up from fat

Alavanja et al., Women Food frequency
1993 429 cases questionnaire,

1,021 controls Multivariate analysis
All nonsmokers
Case-control

Wu et al., Women Food frequency
1994 212 cases questionnaire

Cohort, 6-y Adjusted for age, smoking,
follow-up occupation, physical

activity, and total energy
 intake

Swanson et al., Women Food frequency
1997 587 cases questionnaire

624 controls Multivariate analysis
Case-control

a RR = relative risk, M = men, W = women, OR = odds ratio.

in serum cholesterol concentration was observed with as little as 17 mg/d
of cholesterol added to a cholesterol-free diet, but only three subjects were
studied (Wells and Bronte-Stewart, 1963).

Serum cholesterol concentrations increase with increased dietary cho-
lesterol (Figures 9-1 and 9-2), and the relationship of serum cholesterol
concentration to CHD risk or mortality increases progressively (Neaton
and Wentworth, 1992; Sorkin et al., 1992; Stamler et al., 1986; Weijenberg
et al., 1996). Therefore, it is not appropriate to set a Tolerable Upper
Intake Level (UL) for dietary cholesterol because increased risk may occur
at a very low intake level and at a level that is exceeded by usual diets.
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Resultsa Comments

Cholesterol intake (mg/d) RR of lung cancer Cholesterol intake (specific to
198–604 1.00 consumption of eggs) was
605–794 1.30 positively associated with
795–1,909 1.94 risk of lung cancer

Cholesterol intake (mg/d) OR for lung cancer No significant association
< 120 1.00 between cholesterol intake
120–162 0.63 and risk of lung cancer
163–214 0.71
215–302 1.14
> 302 1.09

Quartile of Cholesterol intake was not
cholesterol intake RR of lung cancer associated with risk of
1 (low) 1.0 lung cancer
2 0.6
3 0.9
4 (high) 0.9

Cholesterol intake Cholesterol intake was not
(mg/1,000 kcal) RR of lung cancer associated with risk of
< 102 1.00 lung cancer
102–126 1.21
127–148 0.88
149–176 1.04
> 176 1.22

RISK CHARACTERIZATION

Intakes above an identified Tolerable Upper Intake Level (UL) indi-
cate a potential risk of an adverse health effect. There is much evidence to
indicate a positive linear trend between cholesterol intake and low density
lipoprotein cholesterol concentration, and therefore increased risk of
coronary heart disease (CHD). A UL is not set for cholesterol because any
incremental increase in cholesterol intake increases CHD risk. Because
cholesterol is unavoidable in ordinary, nonvegan diets, eliminating choles-
terol in the diet would require significant changes in patterns of dietary
intake. Such significant adjustments may introduce undesirable effects
(e.g., inadequate intakes of protein and certain micronutrients) and
unknown and unquantifiable health risks. Nonetheless, it is possible to
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TABLE 9-6 Dietary Cholesterol and Risk of Breast Cancer

Reference Study Design Dietary and Other Information

Hirohata et al., Caucasian women Dietary history
1987 161 cases

161 hospital controls
161 neighborhood

controls
Case-control

Jones et al., Women 24-h recall
1987 99 cases Multivariate analysis

5,386 controls
Cohort, mean

10-y follow-up

Willett et al., Women Food frequency
1987 601 cases questionnaire

Cohort, 6-y Multivariate analysis
follow-up

van den Brandt Women 55–69 y Food frequency
et al., 1993 Cohort, 3.3-y questionnaire

follow-up Multivariate analysis

Franceschi Women Food frequency
 et al., 1996 2,569 cases questionnaire

2,588 controls Multivariate analysis
Case-control

a RR = relative risk, OR = odds ratio.

have a diet low in cholesterol while consuming a nutritionally adequate
diet. Dietary guidance for minimizing cholesterol intake is provided in
Chapter 11.

RESEARCH RECOMMENDATIONS

• Studies are needed to identify possible mechanisms whereby early
nutritional experiences, such as dietary cholesterol, affect the atherosclerotic
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Resultsa Comments

Mean cholesterol intake (mg/d) No significant differences
Cases 286 in cholesterol intake
Controls 267–289 between breast cancer

cases and controls

Cholesterol intake (mg/d) RR of breast cancer No association between
< 130 1.00 cholesterol intake and
130–233 1.33 risk of breast cancer
233–415 0.79
> 415 0.70

Mean cholesterol intake (mg/d) RR of breast cancer No association between
204 1.00 cholesterol intake and
262 1.06 breast cancer
325 1.02
345 1.07
436 0.91

Quintile of cholesterol intake RR of breast cancer No association between
1 1.00 cholesterol intake and
2 0.84 risk of breast cancer
3 0.85
4 0.85
5 1.09

Cholesterol intake (mg/d) OR for breast cancer No association between
< 224 1.00 cholesterol intake and
225–281 0.93 risk of breast cancer
282–335 0.90
336–414 0.97
> 414 0.91

process in adults and the sensitive periods in development when this may
occur.

• The molecular mechanisms that regulate absorption of dietary
cholesterol need to be determined.

• Specific genetic variants that contribute to wide interindividual
variation in low density lipoprotein (LDL) cholesterol response to dietary
cholesterol need to be delineated.
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TABLE 9-7 Dietary Cholesterol and Risk of Colon Cancer

Reference Study Design Dietary and Other Information

Willett et al., Women Food frequency
1990 Cohort, 6-y questionnaire

follow-up Adjusted for age and
total energy intake

Sandler et al., Men and women Food frequency
1993 236 cases questionnaire

409 controls Adjusted for age,
Case-control alcohol intake, body

mass index, and
calories

Giovannucci Men Food frequency
et al., 1994 205 cases questionnaire

Cohort, 6-y Adjusted for age and
follow-up total energy intake

Le Marchand 698 male case- Food frequency
et al., 1997 control pairs questionnaire

494 female case- Multivariate analysis
control pairs

Case-control

Pietinen et al., Male smokers Food frequency
1999 Cohort, 8-y questionnaire

follow-up Multivariate analysis

a RR = relative risk, OR = odds ratio.
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Resultsa Comments

Cholesterol intake (mg/d) RR of colon cancer Increased risk of colon
< 247 1.00 cancer associated with
247–299 1.09 cholesterol intake
300–344 0.75 > 406 mg/d
345–406 1.07
 > 406 1.39

OR for colorectal No association between
Cholesterol intake (mg/d) adenomas cholesterol intake and
< 156 1.0 risk of colorectal
156–189 0.78 adenomas
190–227 0.73
228–289 0.89
> 289 0.99

Quintile/median No association between
cholesterol intake (mg/d) RR of colon cancer cholesterol intake and
1/198 1.0 risk of colon cancer
2/262 1.27
3/313 0.99
4/369 1.07
5/467 1.07

Quartile of cholesterol OR for colorectal cancer Cholesterol intake
intake from eggs Men Women (limited to cholesterol
1 (low) 1.0 1.0 from eggs) was
2 1.8 1.3 positively associated
3 1.8 1.5 with risk of colorectal
4 (high) 2.0 2.0 cancer

Quartile/median No association between
cholesterol intake (mg/d) RR of colorectal cancer cholesterol intake and
1/378 1.0 risk of colorectal
2/501 1.2 cancer
3/594 1.1
4/759 1.0



578 DIETARY REFERENCE INTAKES

TABLE 9-8 Dietary Cholesterol and Risk of Prostate Cancer

Reference Study Design Dietary and Other Information

Kolonel et al., 452 cases Dietary history
1988 899 controls Adjusted for age

Case-control and ethnicity

Andersson 522 cases Food frequency
et al., 1996 536 controls questionnaire

Case-control Adjusted for age
and energy

Key et al., 328 cases Food frequency
1997 328 controls questionnaire

Case-control

Vlajinac et al., 101 cases Dietary history
1997 202 controls Adjusted for energy

Case-control and significant nutrients

a OR = odds ratio.

• Other factors (dietary and constitutional) that contribute to the
wide interindividual variation in LDL cholesterol response to dietary
cholesterol also need to be delineated.

• Studies are needed to better define the relation between dietary
cholesterol intakes and LDL cholesterol concentrations over a broad range
of cholesterol intakes, from very low to high.

• The relationship between dietary cholesterol intakes and body pools
of cholesterol needs to be determined.
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10
Protein and Amino Acids

SUMMARY

Protein is the major structural component of all cells in the body.
Proteins also function as enzymes, in membranes, as transport
carriers, and as hormones; and their component amino acids serve
as precursors for nucleic acids, hormones, vitamins, and other
important molecules. The Recommended Dietary Allowance (RDA)
for both men and women is 0.80 g of good quality protein/kg
body weight/d and is based on careful analyses of available nitrogen
balance studies. For amino acids, isotopic tracer methods and
linear regression analysis were used whenever possible to deter-
mine the requirements. The estimated average requirements for
amino acids were used to develop amino acid scoring patterns for
various age groups based on the recommended intake of dietary
protein. The recommended protein digestibility corrected amino
acid scoring pattern (PDCAAS) for proteins for children 1 year of
age and older and all other age groups is as follows (in mg/g of
protein): isoleucine, 25; leucine, 55; lysine, 51, methionine + cysteine
(SAA), 25; phenylalanine + tyrosine, 47; threonine, 27; tryptophan,
7; valine, 32; and histidine, 18. While an upper range for total
protein in the diet as a percent of total energy intake was set at no
more than 35 percent to decrease risk of chronic disease (see
Chapter 11), there were insufficient data to provide dose–response
relationships to establish a Tolerable Upper Intake Level (UL) for
total protein or for any of the amino acids. However, the absence
of a UL means that caution is warranted in using any single amino
acid at levels significantly above that normally found in food.



590 DIETARY REFERENCE INTAKES

BACKGROUND INFORMATION

Chemistry of Proteins and Amino Acids

Protein

Protein is the major functional and structural component of all the cells
of the body; for example, all enzymes, membrane carriers, blood transport
molecules, the intracellular matrices, hair, fingernails, serum albumin,
keratin, and collagen are proteins, as are many hormones and a large part
of membranes. Moreover, the constituent amino acids of protein act as
precursors of many coenzymes, hormones, nucleic acids, and other
molecules essential for life. Thus an adequate supply of dietary protein is
essential to maintain cellular integrity and function, and for health and
reproduction.

Proteins in both the diet and body are more complex and variable
than the other energy sources, carbohydrates and fats. The defining char-
acteristic of protein is its requisite amino (or imino) nitrogen group. The
average content of nitrogen in dietary protein is about 16 percent by
weight, so nitrogen metabolism is often considered to be synonymous with
protein metabolism. Carbon, oxygen, and hydrogen are also abundant
elements in proteins, and there is a smaller proportion of sulfur.

Proteins are macromolecules consisting of long chains of amino acid
subunits. The structures for the common L-amino acids found in typical
dietary proteins are shown in Figure 10-1. In the protein molecule, the
amino acids are joined together by peptide bonds, which result from the
elimination of water between the carboxyl group of one amino acid and
the α-amino (or imino in the case of proline) group of the next in line. In
biological systems, the chains formed might be anything from a few amino
acid units (di, tri, or oligopeptide) to thousands of units long (polypeptide),
corresponding to molecular weights ranging from hundreds to hundreds
of thousands of Daltons. The sequence of amino acids in the chain is
known as the primary structure.

A critical feature of proteins is the complexity of their physical struc-
tures. Polypeptide chains do not exist as long straight chains, nor do they
curl up into random shapes, but instead fold into a definite three-
dimensional structure. The chains of amino acids tend to coil into helices
(secondary structure) due to hydrogen bonding between side chain residues,
and sections of the helices may fold on each other due to hydrophobic
interactions between nonpolar side chains and, in some proteins, to disulfide
bonds so that the overall molecule might be globular or rod-like (tertiary
structure). Their exact shape depends on their function and for some
proteins, their interaction with other molecules (quaternary structure).
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Name Abbreviation Form

Aliphatic side chains   
Glycine Gly H CH

NH2

COOH

 
Alanine Ala CH3 CH

NH2

COOH

 
Valine a Val

CH CH

CH3

CH3

NH2

COOH

 
Leucinea Leu

CH CH2

CH3

CH3

CH COOH

NH2  
Isoleucinea Ile

CH CH

CH3

CH2

NH2

COOH

CH3

 
Aromatic side chains   
Phenylalanine Phe 

CH2 CH

NH2

COOH

 
Tyrosine Tyr 

CH2 CH

NH2

COOHHO

 
Tryptophan Trp 

N
H

CH2 CH

NH2

COOH

 
Hydroxyl groups in side chains   
Serine Ser CH2 CH

NH2

COOH

OH  
Threonine Thr CH CH

NH2

COOH

OH

CH2

 
Sulfur-containing side chains   
Cysteineb Cys CH2 CH

NH2

COOHHS

 
Methionine Met CH3 S CH2 CH2 CH

NH2

COOH

 
Imino Acids   

Proline
c Pro

CH COOH

N
H

CH3CH2

CH2
 

Acidic side chains and their amides   
Glutam Glu HOOC CH2 CH2 CH

NH2

COOH

 
Glutamine Gln 

H2N C

O

CH2 CH2 CH

NH2

COOH

 
Aspartic acid Asp CH2 CH

NH2

COOHHOOC

 
Asparagione Asn

H2N C

O

CH2 CH

NH2

COOH

 
Basic side chains   
Lysine Lys H2N CH2 CH2 CH2 CH2 CH

NH2

COOH

 
Arginine Arg H2N C

H
N

NH

CH2 CH2 CH2 CH COOH

NH2  
Histidine His 

N NH
CH2 CH

NH2

COOH

 

Amino acids in italics are classed as nutritionally indispensable to humans.
a Leucine, valine, and isoleucine are known as the branched-chain amino acids.
b Cysteine is often found as a dimer (cysteine), linked through sulfur atoms (-S-S-) by oxidation.
c Proline is, strictly speaking, an imino acid rather than an amino acid.

FIGURE 10-1 L-amino acids of nutritional significance.
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Many proteins are composed of several separate peptide chains held
together by ionic or covalent links, an example being hemoglobin, in
which each active unit consists of two pairs of dissimilar subunits (the α
and β chains).

The most important aspect of a protein from a nutritional point of view
is its amino acid composition, but the protein’s structure may also influ-
ence its digestibility. Some proteins, such as keratin, are highly insoluble
in water and hence are resistant to digestion, while highly glycosylated
proteins, such as the intestinal mucins, are resistant to attack by the
proteolytic enzymes of the intestine.

Amino Acids

The amino acids that are incorporated into mammalian protein are
α-amino acids, with the exception of proline, which is an α-imino acid.
This means that they have a carboxyl group, an amino nitrogen group,
and a side chain attached to a central α-carbon (Figure 10-1). Functional
differences among the amino acids lie in the structure of their side chains.
In addition to differences in size, these side groups carry different charges
at physiological pH (e.g., nonpolar, uncharged but polar, negatively charged,
positively charged); some groups are hydrophobic (e.g., branched chain
and aromatic amino acids) and some hydrophilic (most others).

These side chains have an important bearing on the ways in which the
higher orders of protein structure are stabilized and are intimate parts of
many other aspects of protein function. Attractions between positive and
negative charges pull different parts of the molecule together. Hydrophobic
groups tend to cluster together in the center of globular proteins, while
hydrophilic groups remain in contact with water on the periphery. The
ease with which the sulfhydryl group in cysteine forms a disulfide bond
with the sulfhydryl group of another cysteine in a polypeptide chain is an
important factor in the stabilization of folded structures within the poly-
peptide and is a crucial element in the formation of inter-polypeptide
bonds. The hydroxyl and amide groups of amino acids provide the sites
for the attachment of the complex oligosaccharide side chains that are a
feature of many mammalian proteins such as lactase, sucrase, and the
mucins. Histidine and amino acids with the carboxyl side chains (glutamic
acid and aspartic acid) are critical features in ion-binding proteins, such as
the calcium-binding proteins (e.g., troponin C), critical for muscular con-
traction, and the iron-binding proteins (e.g., hemoglobin) responsible for
oxygen transport.

Some amino acids in protein only achieve their final structure after
their precursors have been incorporated into the polypeptide. Notable
examples of such post-translational modifications are the hydroxyproline
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and hydroxylysine residues found in collagen (proline and lysine are con-
verted to these after they have been incorporated into procollagen) and
3-methylhistidine present in actin and myosin. The former hydroxylated
amino acids are critical parts of the cross-linking of collagen chains that
lead to rigid and stable structures. The role of methylated histidine in
contractile protein function is unknown.

Nutritional and Metabolic Classification of Amino Acids

Older views of the nutritional classification of amino acids categorized
them into two groups: indispensable (essential) and dispensable (non-
essential). The nine indispensable amino acids (Table 10-1) are those that
have carbon skeletons that cannot be synthesized to meet body needs from
simpler molecules in animals, and therefore must be provided in the diet.
Although the classification of the indispensable amino acids and their
assignment into a single category has been maintained in this report, the
definition of dispensable amino acids has become blurred as more infor-
mation on the intermediary metabolism and nutritional characteristics of
these compounds has accumulated. Laidlaw and Kopple (1987) divided
dispensable amino acids into two classes: truly dispensable and condition-
ally indispensable. Five of the amino acids in Table 10-1 are termed dis-
pensable as they can be synthesized in the body from either other amino

TABLE 10-1 Indispensable, Dispensable, and Conditionally
Indispensable Amino Acids in the Human Diet

Conditionally Precursors of Conditionally
Indispensable  Dispensable Indispensablea Indispensable

Histidineb Alanine Arginine Glutamine/glutamate, asparate
Isoleucine Aspartic acid Cysteine Methionine, serine
Leucine Asparagine Glutamine Gl utamic acid/ammonia
Lysine Glutamic acid Glycine Serine, choline
Methionine Serine Proline Glutamate
Phenylalanine Tyrosine Phenylalanine
Threonine
Tryptophan
Valine

a Conditionally indispensable is defined as requiring a dietary source when endogenous
synthesis cannot meet metabolic need.
b Although histidine is considered indispensable, unlike the other eight indispensable
amino acids, it does not fulfill the criteria used in this report of reducing protein
deposition and inducing negative nitrogen balance promptly upon removal from the diet.
SOURCE: Laidlaw and Kopple (1987).
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acids or other complex nitrogenous metabolites. In addition, six other
amino acids, including cysteine and tyrosine, are conditionally indispens-
able as they are synthesized from other amino acids or their synthesis is
limited under special pathophysiological conditions (Chipponi et al., 1982;
Harper, 1983; Laidlaw and Kopple, 1987). This is even more of an issue in
the neonate where it has been suggested that only alanine, aspartate,
glutamate, serine, and probably asparagine are truly dietarily dispensable
(Pencharz et al., 1996).

The term conditionally indispensable recognizes the fact that under
most normal conditions the body can synthesize these amino acids to meet
metabolic needs. However, there may be certain physiological circum-
stances: prematurity in the young infant where there is an inadequate rate
at which cysteine can be produced from methionine; the newborn, where
enzymes that are involved in quite complex synthetic pathways may be
present in inadequate amounts as in the case of arginine (Brunton et al.,
1999), which results in a dietary requirement for this amino acid; or patho-
logical states, such as severe catabolic stress in an adult, where the limited
tissue capacity to produce glutamine to meet increased needs and to bal-
ance increased catabolic rates makes a dietary source of these amino acids
required to achieve body nitrogen homeostasis. The cells of the small
intestine become important sites of conditionally indispensable amino
acid, synthesis, with some amino acids (e.g., glutamine and arginine)
becoming nutritionally indispensable under circumstances of intestinal
metabolic dysfunction (Stechmiller et al., 1997). However, the quantita-
tive requirement levels for conditionally indispensable amino acids have
not been determined and these, presumably, vary greatly according to the
specific condition.

There now appears to be a requirement for preformed α-amino
nitrogen in the form of glutamate, alanine, or aspartate, for example
(Katagiri and Nakamura, 2002). It was previously thought that, in addition
to the indispensable amino acids, simple sources of nitrogen such as urea
and diammonium citrate together with carbon sources would be sufficient
to maintain nitrogen homeostasis (FAO/WHO, 1965). However, there are
now good theoretical reasons to conclude that this is not likely in the
human (Katagiri and Nakamura, 2002). The mixture of dispensable and
conditionally indispensable amino acids as supplied by food proteins at
adequate intakes of total nitrogen will assure that both the nitrogen and
specific amino acid needs are met.
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Protein and Amino Acid Homeostasis

Maintenance of Body Protein

Body Protein Reserve. The body of a 70-kg man contains about 11 kg of
protein. Nearly half of this protein (about 43 percent) is present as skeletal
muscle, while other structural tissues such as skin and blood each contain
approximately 15 percent of the total protein (Lentner, 1981). The meta-
bolically active visceral tissues (e.g., liver and kidney) contain compara-
tively small amounts of protein (together about 10 percent of the total).
Other organs such as the brain, lung, heart, and bone contribute the
remainder. The distribution among the organs varies with developmental
age, as the newborn infant has proportionately less muscle and much more
brain and visceral tissue than the adult. It is also notable that, despite the
very wide variety of enzymes and proteins within a single organism, almost
one half of the total protein content of the human is present in just four
proteins (myosin, actin, collagen, and hemoglobin). Collagen in particular
may comprise 25 percent of the total. Moreover, in induced malnutrition,
this proportion can rise to 50 percent because of the substantial loss of
noncollagen proteins, whereas collagen itself is retained (Picou et al., 1966).

Even in the adult, when the protein mass of the body has reached a
plateau, it can be influenced by a variety of nutritional and pathological
factors. Thus, when diets high or low in protein are given, there is a gain
or loss of body protein over the first few days, before re-equilibration of
protein intake with the rates of oxidation and excretion (Swick and
Benevenga, 1977). This phenomenon has led to the concept of a “labile
protein reserve,” which can be gained or lost from the body as a short-term
store for use in emergencies or to take account of day-to-day variations in
dietary intake. Studies in animals have suggested that this immediate labile
protein store is contained in the liver and visceral tissues, as their protein
content decreases very rapidly during starvation or protein depletion (by
as much as 40 percent), while skeletal muscle protein drops much more
slowly (Swick and Benevenga, 1977). During this situation, protein break-
down becomes a source of indispensable amino acid needs for synthesis of
proteins critical to maintaining essential body function (Reeds et al., 1994).

This labile protein reserve in humans is unlikely to account for more
than about 1 percent of total body protein (Waterlow, 1969; Young et al.,
1968). Thus, the immediately accessible stores of protein (which serve as
the source of indispensable amino acids and amino nitrogen) cannot be
considered in the same light as the huge energy stores in the form of body
fat; the labile protein reserve is similar in weight to the glycogen store.
However, it should be recognized that this protein reserve is unlike the fat
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and glycogen stores, whose primary roles are for energy use. The protein
lost during fasting is functional body protein and thus there is no evidence
for a protein reserve that serves only as a store to meet future needs.

There is a wide range of variation in daily dietary protein intake, from
the protein requirement and beyond, to which the body is able to adapt
over a period of days, after which no further change in body protein con-
tent occurs. However, pathological conditions, such as severe disease states,
can cause substantial rates of protein loss due to the increased demand for
either amino acids or carbon skeletons to meet local energy demands. If
these conditions go unchecked for more than a few days, there may be a
serious depletion of the body’s protein mass, which might eventually become
life threatening. Although the evidence from short-term changes in diet
suggests that the main loss of protein is from the viscera (de Blaauw et al.,
1996), in chronic illness skeletal muscle, which comprises over 40 percent
of the protein mass of a healthy individual, becomes the largest single
contributor to protein loss (Hansen et al., 2000).

Free Amino Acids. Although the free amino acids dissolved in the body
fluids are only a very small proportion of the body’s total mass of amino
acids, they are very important for the nutritional and metabolic control of
the body’s proteins.

The content of free and protein-bound amino acids in rat muscle is
shown in Table 10-2. It can be seen that their ranges are considerable and
that their concentrations in the free pool are in no way related to their
concentrations in body proteins. In the human, free phenylalanine com-
prises less than 2 percent of its total body pool, and corresponds to only
about 1.5 hour worth of protein synthesis, or 25 percent of the day’s intake
of protein (Waterlow et al., 1978). Free glutamate and alanine comprise a
larger proportion of their respective body pools, but they could not be
considered as reserves for more than a very short time. In human muscle,
glutamine has an exceptionally large free pool, containing about 10 to 15 g
of nitrogen. After trauma, this pool can become depleted by more than
50 percent (Labow and Souba, 2000); its loss may then make a significant
contribution to the total loss of nitrogen.

Although the plasma compartment is most easily sampled, the concen-
tration of most amino acids is higher in tissue intracellular pools. Typically,
large neutral amino acids, such as leucine and phenylalanine, are essen-
tially in equilibrium with the plasma. Others, notably glutamine, glutamic
acid, and glycine, are 10- to 50-fold more concentrated in the intracellular
pool. Dietary variations or pathological conditions can result in substantial
changes in the concentrations of the individual free amino acids in both
the plasma and tissue pools (Furst, 1989; Waterlow et al., 1978).
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Pathways of Amino Acid Metabolism

The exchange between body protein and the free amino acid pool is
illustrated by the highly simplified scheme shown in Figure 10-2. Here, all
the proteins in the tissues and circulation are grouped into one pool.
Similarly, there is a second pool, consisting of the free amino acids dis-
solved in body fluids. The arrows into and out of the protein pool show the
continual degradation and resynthesis of these macromolecules (i.e., pro-
tein turnover). The other major pathways that involve the free amino acid
pool are the supply of amino acids by the gut from the absorbed amino
acids derived from dietary proteins, the de novo synthesis in cells (includ-
ing those of the gut, which are a source of dispensable amino acids), and
the loss of amino acids by oxidation, excretion, or conversion to other
metabolites. Although this scheme represents protein metabolism in the
human as a whole, with minor modifications it can also be used to repre-

TABLE 10-2 Comparison of the Pool Sizes of Free and
Protein-Bound Amino Acids in Rat Muscle

µmol/g Wet Weight

Protein:
Free

Protein Free Ratio

Indispensable amino acids
Histidine 26 0.39 67
Isoleucine 50 0.16 306
Leucine 109 0.20 556
Lysine 58 1.86 31
Methionine 36 0.16 225
Phenylalanine 45 0.07 646
Threonine 60 1.94 31
Valine 83 0.31 272

Dispensable and some
conditionally indispensable
amino acids

Alanine 111 2.77 40
Arginine 67 0.25 269
Aspartic acid (+ amide) 110 1.13 97
Glutamic acid (+ amide) 148 9.91 15
Glycine 117 1.94 60
Serine 74 1.96 38
Tyrosine 36 0.14 266

SOURCE: Data of E.B. Fern, quoted by Waterlow et al. (1978).
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FIGURE 10-2 Exchange between body protein and free amino acid pools.

sent protein metabolism in individual organs, or indeed the metabolism of
a single protein.

Amino Acid Utilization for Growth

Dietary protein is not only needed for maintaining protein turnover
and the synthesis of physiologically important products of amino acid
metabolism but is, of course, laid down as new tissue. Studies in animals
show that the composition of amino acids needed for growth is very simi-
lar to the composition of body protein (Dewey et al., 1996). It is important
to note, however, that the amino acid composition of human milk is not
the same as that of body protein (Dewey et al., 1996), and although the
present recommendations for the dietary amino acids for infants provided
in this report continue to be based on human milk as the standard, recent
authors (Dewey et al., 1996) have cautioned that the composition of
human milk proteins is not necessarily a definition of the biological amino
acid requirements of the growing neonate.

Maintenance Protein Needs

Even when mammals consume no protein, nitrogen continues to be
lost. Provided that the energy intake is adequate, these “basal” losses are
closely related to body weight and basal metabolic rate (Castaneda et al.,
1995b; Scrimshaw et al., 1972). In man, normal growth is very slow and the
dietary requirement to support growth is small in relation to maintenance
needs except at very young ages. Moreover, the human being is a long-
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lived species. It follows that maintenance needs are of particular impor-
tance to humans and account for a very large majority of lifetime needs for
dietary protein.

It has been known for decades (Said and Hegsted, 1970) that the
body’s capacity to conserve individual amino acids at low intakes varies, so
the pattern of amino acids needed in the diet to match their individual
catabolic rates does not correspond precisely with the composition of body
protein. For example, the indispensable amino acid requirements for adults
may provide a quarter of their minimum total need for amino nitrogen,
compared with the need for noncollagen body protein in which approxi-
mately half of the amino acids are indispensable (FAO/WHO/UNU,
1985). This implies that there is very effective recycling of indispensable
amino acids released continuously from protein degradation back into
protein synthesis. Under conditions where the diet is devoid of protein,
the efficiency of amino acid recycling is over 90 percent for both indis-
pensable and dispensable amino acids (Neale and Waterlow, 1974). While
highly efficient, some amino acids are recycled at different rates than others.

Physiology of Absorption, Metabolism, and Excretion

Protein Digestion and Absorption

After ingestion, proteins are denatured by the acid in the stomach,
where they are also cleaved into smaller peptides by the enzyme pepsin,
which is activated by the increase in stomach acidity that occurs on feed-
ing. The proteins and peptides then pass into the small intestine, where
the peptide bonds are hydrolyzed by a variety of enzymes. These bond-
specific enzymes originate in the pancreas and include trypsin, chymotrypsins,
elastase, and carboxypeptidases. The resultant mixture of free amino acids
and small peptides is then transported into the mucosal cells by a number
of carrier systems for specific amino acids and for di- and tri-peptides, each
specific for a limited range of peptide substrates. After intracellular hydrolysis
of the absorbed peptides, the free amino acids are then secreted into the
portal blood by other specific carrier systems in the mucosal cell or are
further metabolized within the cell itself. Absorbed amino acids pass into
the liver, where a portion of the amino acids are taken up and used; the
remainder pass through into the systemic circulation and are utilized by
the peripheral tissues.

Although there are good reasons to suppose that dietary protein diges-
tion is incomplete and variable among different diets, recent studies using
proteins intrinsically labeled with 15N added to a diet suggest that many
common dietary proteins, including proteins from casein, mixed whey,
wheat, and legumes, are digested with an efficiency of greater than 90 per-
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cent when fed as isolates, concentrates, or flours (Bergner et al., 1990;
Gausserès et al., 1997). Thus, a significant portion (at least 50 percent) of
fecal nitrogen losses represents the fixation by the colonic and cecal bacteria
of nitrogenous substances (urea, ammonia, and protein secretions) that
have been secreted into the intestinal lumen.

Some authors have argued that the host-colon nitrogen cycle, by which
nitrogenous compounds that diffuse into the gut are converted to ammonia
by the microflora and are reabsorbed, is a regulated function and serves as
a mechanism of nitrogen conservation (Jackson, 1989). The theoretical
basis of this proposition has been partly confirmed by the recent demon-
stration of the availability to the host of indispensable amino acids synthe-
sized by intestinal microbes (Metges et al., 1999a, 1999b). However, not all
investigators have obtained results indicative of regulated nitrogen cycling
(Raguso et al., 1999; Young et al., 2000).

Although it seems clear that the efficiency of dietary protein digestion
(in the sense of removal of amino acids from the small intestinal lumen) is
high, there is now good evidence to show that nutritionally significant
quantities of indispensable amino acids are metabolized by the tissues of
the splanchnic bed, including the mucosal cells of the intestine (Fuller
and Reeds, 1998). Thus, less than 100 percent of the amino acids removed
from the intestinal lumen appear in the peripheral circulation, and the
quantities that are metabolized by the splanchnic bed vary among the
amino acids, with intestinal threonine metabolism being particularly high
(Stoll et al., 1998). Currently, there is a lack of systematic information
about the relationship between dietary amino acid intake and splanchnic
metabolism, although there are indications that there is a nonlinear rela-
tionship between amino acid intake and appearance in the peripheral
blood (van der Schoor et al., 2001).

Intestinal Protein Losses

Protein secretion into the intestine continues even under conditions
of protein-free feeding, and fecal nitrogen losses (i.e., nitrogen lost as
bacteria in the feces) may account for 25 percent of the obligatory loss of
nitrogen (Fuller and Reeds, 1998). Under this dietary circumstance, the
amino acids secreted into the intestine as components of proteolytic
enzymes and from sloughed mucosal cells are the only sources of amino
acids for the maintenance of the intestinal bacterial biomass. In those
studies in which highly digestible protein-containing diets have been given
to individuals previously ingesting protein-free diets, fecal nitrogen excre-
tion increased by only a small amount. For highly digestible proteins, it
also is likely that when humans consume diets that do not provide an
excessive quantity of protein, a high proportion of the fecal nitrogen losses



PROTEIN AND AMINO ACIDS 601

originate from a combination of gastrointestinal secretions and the partial
capture of the significant quantities of secreted urea that are hydrolyzed
and subsequently used by the microflora in the large intestine (Jackson,
1989).

The following points support the view that the intestinal route of protein
(amino acid) loss is of quantitative significance to maintenance protein needs.
First, continued mucosal cell turnover and enzyme and mucin secretion
are necessary for maintaining the integrity of the gastrointestinal tract and
its normal digestive physiology. Second, animal studies show that the amino
acid composition of the proteins leaving the ileum for bacterial fermenta-
tion in the colon is quite different from that of body protein (Taverner et
al., 1981). In particular, the secretions are relatively rich in dispensable
amino acids as well as threonine and cysteine (Dekker et al., 1991; Khatri
et al., 1998; Taverner et al., 1981), probably because mucin secretions
make a substantial contribution to the endogenous outflow. These two
amino acids are of significance in meeting amino acid needs when intake
is close to the requirement (Laidlaw and Kopple, 1987).

Other routes of loss of intact amino acids are via the urine and through
skin and hair loss. These losses are small by comparison with those
described above, but nonetheless may have a significant impact on esti-
mates of requirements, especially in disease states (Matthews, 1999).

Protein Synthesis

Amino acids are selected for protein synthesis by binding with transfer
RNA (tRNA) in the cell cytoplasm. The information on the amino acid
sequence of each individual protein is contained in the sequence of nucle-
otides in the messenger RNA (mRNA) molecules, which are synthesized in
the nucleus from regions of DNA by the process of transcription. The
mRNA molecules then interact with various tRNA molecules attached to
specific amino acids in the cytoplasm to synthesize the specific protein by
linking together individual amino acids; this process, known as translation,
is regulated by amino acids (e.g., leucine) (Jefferson and Kimball, 2001),
and hormones. Which specific proteins are expressed in any particular cell
and the relative rates at which the different cellular proteins are synthe-
sized, are determined by the relative abundances of the different mRNAs
and the availability of specific tRNA-amino acid combinations, and hence
by the rate of transcription and the stability of the messages.

From a nutritional and metabolic point of view, it is important to
recognize that protein synthesis is a continuing process that takes place in
most cells of the body. In a steady state, when neither net growth nor
protein loss is occurring, protein synthesis is balanced by an equal amount
of protein degradation. The major consequence of inadequate protein
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intakes, or diets low or lacking in specific indispensable amino acids rela-
tive to other amino acids (often termed limiting amino acids), is a shift in
this balance so that rates of synthesis of some body proteins decrease while
protein degradation continues, thus providing an endogenous source of
those amino acids most in need.

Protein Degradation

The mechanism of intracellular protein degradation, by which pro-
tein is hydrolyzed to free amino acids, is more complex and is not as well
characterized at the mechanistic level as that of synthesis (Kirschner, 1999).
A wide variety of different enzymes that are capable of splitting peptide
bonds are present in cells. However, the bulk of cellular proteolysis seems
to be shared between two multienzyme systems: the lysosomal and
proteasomal systems. The lysosome is a membrane-enclosed vesicle inside
the cell that contains a variety of proteolytic enzymes and operates mostly
at acid pH. Volumes of the cytoplasm are engulfed (autophagy) and are
then subjected to the action of the protease enzymes at high concentra-
tion. This system is thought to be relatively unselective in most cases,
although it can also degrade specific intracellular proteins (Cuervo and
Dice, 1998). The system is highly regulated by hormones such as insulin
and glucocorticoids, and by amino acids (Inubushi et al., 1996).

The second system is the ATP-dependent ubiquitin-proteasome system,
which is present in the cytoplasm. The first step is to join molecules of
ubiquitin, a basic 76-amino acid peptide, to lysine residues in the target
protein. Several enzymes are involved in this process, which selectively
targets proteins for degradation by a second component, the proteasome.
This is a very large complex of proteins, possessing a range of different
proteolytic activities. The ubiquitin-proteasome system is highly selective,
so can account for the wide range of degradation rates (half-lives ranging
from minutes to days) observed for different proteins. It is thought to be
particularly responsible for degrading abnormal or damaged proteins,
along with regulatory proteins that typically are synthesized and degraded
very rapidly (Ciechanover et al., 1991; Goldberg and Rock, 1992; Hershko
and Ciechanover, 1998).

Protein Turnover

The process by which all body proteins are being continuously broken
down and resynthesized is known as protein turnover. In the adult
human body, upward of 250 g/d of protein is synthesized and degraded
(Waterlow, 1984). This compares with a median daily adult intake of about
55 to 100 g/d (Appendix Table E-16). The daily amount of protein turned
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over is greater in infants and less in the elderly, when compared with
young adults on a body-weight basis (Table 10-3). Some tissues are more
active in protein turnover than others. Thus the liver and intestine, despite
their rather small contribution to the total protein content of the body,
are together believed to contribute as much as 50 percent of whole body
protein turnover (McNurlan and Garlick, 1980; Waterlow, 1984). Con-
versely, skeletal muscle is the largest single component of body protein
mass (43 percent), but contributes only about 25 percent to total body
protein turnover (Reeds and Garlick, 1984; Waterlow, 1984).

At the tissue level, proteins are continually being synthesized and
degraded as a sensitive means of regulating the amount of each separate
enzyme or structural component. Other proteins may be secreted from
the cell after synthesis and subsequently degraded at a distant site. Examples
of such proteins are serum albumin synthesized in the liver, antibodies in
the B-lymphocytes, digestive enzymes in the pancreas, and peptide hor-
mones formed in the endocrine glands.

Amino Acid Catabolism

Nitrogen Metabolism

About 11 to 15 g of nitrogen are excreted each day in the urine of a
healthy adult consuming 70 to 100 g of protein, mostly in the form of
urea, with smaller contributions from ammonia, uric acid, creatinine, and
some free amino acids (Table 10-4). These are the end products of protein
metabolism, with urea and ammonia arising from the partial oxidation of
amino acids. Uric acid and creatinine are indirectly derived from amino
acids as well.

The removal of nitrogen from the individual amino acids and its con-
version to a form that can be excreted by the kidney can be considered as
a two-part process. The first step usually takes place by one of two types of

TABLE 10-3 Whole-Body Protein Synthesis in
Humans at Different Life Stages

Life Stage Protein Synthesis (g/kg/d)

Newborn (preterm) 17.4
Infant 6.9
Adult 3.0
Elderly 1.9

SOURCE: Young et al. (1975b).
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enzymatic reactions: transamination or deamination. Transamination is a
reversible reaction that uses ketoacid intermediates of glucose metabolism
(e.g., pyruvate, oxaloacetate, and α-ketoglutarate) as recipients of the
amino nitrogen. Most amino acids can take part in these reactions, with
the result that their amino nitrogen is transferred to just three amino
acids: alanine from pyruvate, aspartate from oxaloacetate, and glutamate
from α-ketoglutarate.

Unlike many amino acids, branched-chain amino acid transamination
occurs throughout the body, particularly in skeletal muscle. Here the main
recipients of amino nitrogen are alanine and glutamine (from pyruvate
and glutamate, respectively), which then pass into the circulation. These
serve as important carriers of nitrogen from the periphery (skeletal
muscle) to the intestine and liver. In the small intestine, glutamine is
extracted and metabolized to ammonia, alanine, and citrulline, which are
then conveyed to the liver via the portal circulation (Harper et al., 1984).

Nitrogen is also removed from amino acids by deamination reactions,
which result in the formation of ammonia. A number of amino acids
can be deaminated, either directly (histidine), by dehydration (serine,
threonine), by way of the purine nucleotide cycle (aspartate), or by oxida-
tive deamination (glutamate). These latter two processes are important
because glutamate and aspartate are recipients of nitrogen by transamination
from other amino acids, including alanine. Glutamate is also formed in
the specific degradation pathways of arginine and lysine. Thus, nitrogen
from any amino acid can be funneled into the two precursors of urea
synthesis, ammonia and aspartate.

Urea synthesis takes place in the liver by the cyclic pathway known as
the Krebs-Henseleit cycle. Among the essential reactions in this process is

TABLE 10-4 Approximate Distribution of
Nitrogen in Urinary Constituents in Humans
Consuming 100 g of Protein per Day
(~16 g of Nitrogen)

Compound Nitrogen (g/d)

Urea 12.8
Ammonia 0.7
Amino acids 0.7
Creatine/Creatinine 0.7
Uric acid 0.3
Hippuric acid 0.1
Total 15.3

SOURCE: Diem (1962).
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the hydrolysis of the amino acid arginine by the enzyme arginase to yield
urea and another amino acid, ornithine, which is not incorporated into
body protein. The remaining part of the cycle involves the resynthesis of
arginine using nitrogen from ammonia and aspartate. Thus, although
arginine is the direct precursor of urea, it is not consumed in the process,
as the nitrogen excreted as urea is all derived from ammonia and aspartate.

After synthesis, the urea is carried by the circulation from the liver to
the kidney, where it is excreted into the urine. Although the excretion of
urea dominates nitrogen excretion as a whole, significant quantities of
ammonium ions are also excreted. There are some metabolic pathways,
notably the purine nucleotide cycle, whereby purine nitrogen is converted
to ammonium ions. It is generally believed that much of the ammonia
produced by this cycle in skeletal muscle is transported in the blood as
glutamine. Some of this glutamine is metabolized in the kidneys, where
the enzyme glutaminase leads to the release of ammonium ions and
glutamate. This glutamate, after losing its amino group, is then utilized in
the synthesis of glucose in the kidney. The generation of ammonium ions
from glutamine has a specific role in acid–base homeostasis, as ammonium
ion excretion serves as the main vehicle for the excretion of excess hydrogen
ions to prevent acidosis.

Carbon Metabolism

For most amino acids, removal of the amino nitrogen group generates
their ketoacid analogues. Many of these are already in a form for entry
into the pathways of oxidative metabolism (Figure 10-3). For example,
both α-ketoglutarate (from glutamate) and pyruvate (from alanine) are
intermediates of the glycolysis-tricarboxylic acid (TCA) pathway of glucose
oxidation. All the others have specific degradation systems that give rise to
intermediates that can be metabolized in these oxidative pathways. Thus,
protein can make a significant contribution to the body’s energy supply.
This is particularly true in non-growing adults, who on average consume,
and therefore oxidize, about 10 to 15 percent of their dietary energy as
protein (Appendix Table E-17).

The contribution of protein to energy needs may be significant during
periods of energy restriction or following the utilization of the body’s
limited endogenous carbohydrate stores. Protein oxidation also has been
shown to rise considerably in highly traumatized or septic individuals,
which results in large amounts of body protein loss; this loss can compro-
mise recovery or even lead to death (see below) (Klein, 1990). It is much
less in periods of chronic starvation because of various metabolic adaptations
related to ketone utilization, or on protein-restricted diets.
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FIGURE 10-3 Metabolism of the carbon skeletons of the amino acid chains (light
arrows) and their points of entry into the general pathways of metabolism of
glucose and fat (bold arrows).
SOURCE: Garlick and Reeds (1993).

Once the amino acid deamination products enter the TCA cycle (also
known as the citric acid cycle or Krebs cycle) or the glycolytic pathway,
their carbon skeletons are also available for use in biosynthetic pathways,
particularly for glucose and fat. Whether glucose or fat is formed from the
carbon skeleton of an amino acid depends on its point of entry into these
two pathways. If they enter as acetyl-CoA, then only fat or ketone bodies
can be formed. The carbon skeletons of other amino acids can, however,
enter the pathways in such a way that their carbons can be used for gluco-
neogenesis. This is the basis for the classical nutritional description of
amino acids as either ketogenic or glucogenic (i.e., able to give rise to
either ketones [or fat] or glucose).

Some amino acids produce both products upon degradation and so
are considered both ketogenic and glucogenic (Figure 10-3). It has been
argued that the majority of hepatic amino acid catabolism is directed in an
obligatory fashion to glucose synthesis (Jungas et al., 1992). The synthesis
of glucose in the liver from amino acids is dominated by alanine and
glutamate, which derive much of their carbon from peripheral metabolism
of glucose to lactate and TCA cycle intermediates. Thus, much of gluco-
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neogenesis in metabolism is the result of a metabolic cycle of glucose
carbon between the peripheral tissues (especially muscle) and the liver
and kidney. This cycle also involves the peripheral synthesis of glutamine,
an amino acid that is utilized in substantial quantities by the intestinal cells
in which it is used for energy and for the synthesis of proline, citrulline,
and nucleic acids.

A significant proportion of the glucose synthesized in the liver is due
to recapture and recycling via the liver of 3-carbon units in the form of
lactate derived from anaerobic glucose breakdown in muscle (the Cori
cycle). Hepatic gluconeogenesis also occurs via the glucose–alanine cycle
(a direct parallel of the Cori cycle) and the glucose–glutamine cycle. Since
the nitrogen donors may be either glucogenic or ketogenic amino acids,
these cycles function as mechanisms for transporting nitrogen from the
periphery to the liver as well as for glucose production. The cycle involving
glutamine transport from the periphery to the gastrointestinal tract is also
vital to the synthesis of arginine and proline and is critical to the preven-
tion of the build up of excessive ammonia in the circulation.

Nonprotein Pathways of Amino Acid Nitrogen Utilization

Although in general the utilization of dietary amino acids is dominated
by their incorporation into protein and their role in energy metabolism,
amino acids are also involved in the synthesis of other nitrogenous com-
pounds important to physiological viability as shown in Table 10-5. Some
pathways have the potential for exerting a substantial impact on the utili-
zation of certain amino acids, and may be of potential significance for the
requirements for these amino acids. This is particularly true for glycine,
which is a precursor for six nitrogenous compounds, as shown in Table 10-5.
Its utilization in the synthesis of creatine (muscle function), heme (oxygen
transport and oxidative phosphorylation), and glutathione (protective
reactions which are limited by the amount of available cysteine) is not only
of physiological importance, but can also involve substantial quantities of
the amino acid. For example, in the absence of a dietary source of creatine,
adults require at least 1.1 g/d of glycine in order to sustain an adequate
rate of creatine synthesis (calculated from a creatinine excretion of 1.8 g/d
for a 70-kg man [Young et al., 1984] assuming 1 mole of glycine is used to
synthesize 1 mole of creatine which gives rise to 1 mole of urinary creatinine).
In premature infants, mainly fed human milk, there is evidence that the
glycine supply may be a primary nutritional limitation to growth (Jackson,
1991). This so-called dispensable amino acid is then needed in the diet for
optimum growth and may be termed “conditionally indispensable.”

Similarly, the synthesis of carnitine (involved in intracellular fatty acid
transport) could, under some circumstances, become of quantitative sig-
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nificance to lysine requirements. These may be important nutritional con-
siderations in individuals consuming marginal amounts of proteins of plant
origin and undoubtedly have an impact on overall amino acid utilization
when protein intake is very low.

Clinical Effects of Inadequate Protein Intake

As outlined above, protein is the fundamental component necessary
for cellular and organ function. Not only must sufficient protein be pro-
vided, but also sufficient nonprotein energy (i.e., carbohydrates, fats) must
be available so that the carbon skeletons of amino acids are not used to
meet energy needs (Duffy et al., 1981). Similarly, unless amino acids are
present in the diet in the right balance (see later section, “Protein Quality”),
protein utilization will be affected (Duffy et al., 1981). In the world as a
whole, protein-energy malnutrition (PEM) is fairly common in both children
and adults (Stephenson et al., 2000), and is associated with the deaths of
about 6 million children each year (FAO, 2000). In the industrialized
world, PEM is seen predominantly in hospitals (Bistrian, 1990; Willard et
al., 1980), is associated with disease (Wilson and Pencharz, 1997), and
often found in the elderly (Allison, 1995). Hypoalbuminemic malnutrition
has been described in hospitalized adults (Bistrian, 1990) and has also
been called adult kwashiorkor (Hill, 1992).

Clearly, protein deficiency has adverse effects on all organs (Corish
and Kennedy, 2000). In infants and young children, it has been shown to
have harmful effects on the brain and may have longer-term effects on

TABLE 10-5 Amino Acid Precursors of Nonprotein Products

Precursor Amino Acids End Product

Tryptophan Serotonin
Tryptophan Nicotinic acid
Tyrosine Catecholamines
Tyrosine Thyroid hormones
Tyrosine Melanin
Lysine Carnitine
Cysteine Taurine
Arginine Nitric oxide
Glycine Heme
Glycine, arginine, methionine Creatine
Methionine, glycine, serine “Methyl group metabolism”
Glycine, taurine Bile acids
Glutamate, cysteine, glycine Glutathione
Glutamate, aspartate, glycine Nucleic acid bases
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brain function (Pollitt, 2000). Furthermore, protein deficiency has been
shown to have adverse effects on the immune system, resulting in a higher
risk of infections (Bistrian, 1990). It also affects gut mucosal function and
permeability, which, in turn, affects absorption and makes possible bacterial
invasion from the gut, which can result in septicemia (Reynolds et al.,
1996). Protein deficiency has also been shown to adversely affect kidney
function, where it has adverse effects on both glomerular and tubular
function (Benabe and Martinez-Moldonado, 1998).

Total starvation will result in death in initially normal-weight adults in
60 to 70 days (Allison, 1992). For comparison, protein and energy reserves
are much smaller in premature infants, and survival of 1,000-g neonates is
only about 5 days (Heird et al., 1972).

Clinical Assessment of Protein Nutritional Status

No single parameter is completely reliable to assess protein nutritional
status. Borderline inadequate protein intakes in infants and children are
reflected in failure to grow as estimated by length or height (Jelliffe, 1966;
Pencharz, 1985). However, weight-height relationships can be distorted by
edema and ascites (Corish and Kennedy, 2000). Mid-upper arm parameters
such as arm muscle circumference have been used to measure protein
status (Young et al., 1990). The triceps skinfold is reflective of energy
nutritional status while the arm muscle circumference (or diameter) is
reflective of protein nutritional status (unless a myopathy or neuropathy is
present) (Patrick et al., 1994).

In addition, urinary creatinine excretion has been used as a reflection
of muscle mass (Corish and Kennedy, 2000; Forbes, 1987; Young et al.,
1990), but it is not very sensitive. The most commonly used methods to
clinically evaluate protein status measure serum proteins; the strengths
and weaknesses of these indicators are summarized in Table 10-6. In
practical terms, acute protein depletion is not clinically important as it is
rare, while chronic deficiency is important. Serum proteins as shown in
Table 10-6 are useful, especially albumin and transferrin (an iron-binding
protein). In a study from Nigeria, low transferrin levels were more predic-
tive of risk of death in children with PEM than were albumin levels (Ramsey
et al., 1992). Due to their very short half-lives, prealbumin and retinol
binding protein (apart from their dependence on vitamin A status) may
reflect more acute protein intake than risk of protein malnutrition (which
is a process with an onset of period of 7 to 10 days (Ramsey et al., 1992).
Hence, albumin and transferrin remain the best measures of protein mal-
nutrition, but with all of the caveats listed in Table 10-6.

Physical examination related to protein malnutrition focuses atten-
tion on the skin and hair as they are rapidly growing protein-containing
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tissues. In protein malnutrition, the skin becomes thinner and appears
dull; the hair first does not grow, then it may fall out or show color changes
(Pencharz, 1985). Over a longer period of time, assessment of changes in
lean body mass reflects protein nutritional status. The clinical tools most
available to assess lean mass are dual emission x-ray absorptiometry and
bioelectrical impedance (Pencharz and Azcue, 1996).

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIREMENT FOR PROTEIN (NITROGEN)

In the framework for Dietary Reference Intakes, as described in
Chapter 1 and Appendix B, adequacy of requirements is defined as the
lowest daily intake value for a nutrient that will meet the need, as defined
by the specified indicator or criterion of adequacy, of apparently healthy
individuals. This section reviews some of the possible indicators used or
proposed for use in analyses estimating human protein requirements.

Factorial Method

The factorial method is based on estimating the nitrogen (obligatory)
losses that occur when a person is fed a diet that meets energy needs but is
essentially protein free and, when appropriate, also relies on estimates of
the amount of nitrogen that is accreted during periods of growth or lost to
mothers during lactation. The major losses of nitrogen under most con-
ditions are in urine and feces, but also include sweat and miscellaneous
losses, such as nasal secretions, menstrual losses, or seminal fluid. In this

TABLE 10-6  Use of Serum Proteins to Assess Protein
Nutritional Status

Half-Life Clinical Use Limitations

Albumin 18 d Severe malnutrition Affected by protein losing
enteropathy, renal loss,
burn, and by liver disease

Transferrin 8–9 d Limited—chronic Affected by iron deficiency
deficiency and by infection

Pre-albumin 2 d Acute depletion Affected by vitamin A
deficiency

Retinol-binding 12 h Acute depletion Affected by vitamin A
protein deficiency

SOURCE: Adapted from Young et al. (1990).
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method, the protein requirement is estimated by interpolating or extrapolat-
ing the obligatory losses to the zero balance point in which protein needs
(as nitrogen) are assumed to equal the obligatory protein lost as nitrogen
(nitrogen equilibrium).

This is where the factorial method has its greatest weakness, since the
relationship between protein intake and nitrogen retention is somewhat
curvilinear; the efficiency of nitrogen retention becomes less as the zero
balance point is approached (Rand and Young, 1999; Young et al., 1973).
Additionally, in order to utilize the factorial approach when determining
the protein requirement for infants and children, their needs for protein
accreted as a result of growth must be added to their maintenance needs.

Nitrogen Balance Method

This classical method has been viewed by many as theoretically the
most satisfactory way of determining the protein requirement. Nitrogen
balance is the difference between nitrogen intake and the amount excreted
in urine, feces, skin, and miscellaneous losses. As discussed below, nitro-
gen balance remains the only method that has generated sufficient data
for the determination of the total protein (nitrogen) requirement. It is
assumed that when needs are met or exceeded adults come into nitrogen
balance; when intakes are inadequate, negative nitrogen balance results.
In determining total protein (nitrogen) needs, high-quality proteins are
utilized as test proteins to prevent negative nitrogen balance resulting from
the inadequate intake of a limiting indispensable amino acid. A significant
literature exists regarding the methods and procedures to use in deter-
mining nitrogen balance amount (Manatt and Garcia, 1992; Rand et al.,
1981).

Limitations of the Method

The nitrogen balance method does have substantial practical limita-
tions and problems. First, the rate of urea turnover in adults is slow, so
several days of adaptation are required for each level of dietary protein
tested to attain a new steady state of nitrogen excretion (Meakins and
Jackson, 1996; Rand et al., 1976). Second, the execution of accurate nitro-
gen balance measurements requires very careful attention to all the details
of the procedures involved. Since it is easy to overestimate intake and
underestimate excretion, falsely positive nitrogen balances may be obtained
(Hegsted, 1976). Indeed, an overestimate of nitrogen balance seems con-
sistent throughout the literature because there are many observations of
quite considerable apparent retention of nitrogen in adults (Oddoye and
Margen, 1979). This observation is biologically implausible because (a) adults
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do not normally accrete body protein, and (b) the magnitude of the posi-
tive nitrogen balances is inconsistent with stability of body weight.  A third
limitation of the nitrogen balance method is that since the requirement is
defined for the individual, and studies rarely provide exactly the amount
of protein necessary to produce zero balance, individuals must be studied
at several levels of protein intake in the region of the requirement so that
estimates of individual requirements can be interpolated (Rand et al.,
1976; Zello et al., 1990). Finally, dermal and miscellaneous losses of nitro-
gen must be included in the calculation. These are inordinately difficult to
measure, and vary with the environmental conditions (e.g., ambient tem-
perature). In fact, the literature indicates marked (at least twofold) differ-
ences between studies (Calloway et al., 1971). The inclusion of dermal and
miscellaneous nitrogen losses can have a significant effect on estimates of
amino acid requirements via nitrogen balance, especially in adults
(Calloway et al., 1971; Millward, 1998; Rand and Young, 1999).

Statistical Analysis of Nitrogen Balance Data

In studies with healthy adults in presumably good nutritional status, it
is generally assumed that the protein requirement is achieved when an
individual is in zero nitrogen balance. To some extent, this assumption
poses problems that may lead to underestimates of the true protein
requirement. First, there are sufficient observations of paradoxically high
positive nitrogen balances in the literature to imply that when individuals
are in measured body nitrogen equilibrium, they are in fact in a small nega-
tive nitrogen balance (Kopple, 1987). The large majority of the studies
have concentrated their measurements of protein adequacy at levels of
intake below nitrogen balance and as a result, the intercept of protein
intake at zero nitrogen balance is lower than the true intercept as the
efficiency of protein utilization decreases as zero balance is reached (Young
et al., 1973).

The empirical solution is to carry out measurements that span nitro-
gen equilibrium, ideally by using multiple levels of intake in the same
individual and interpolating individual requirement levels. Three differ-
ent interpolation schemes have been proposed, based on (1) a smooth
nonlinear model (Hegsted, 1963; Rand and Young, 1999), (2) a two-phase
linear model (also called bilinear or breakpoint) (Kurpad et al., 2001a;
Zello et al., 1995), and (3) a linear model (Rand et al., 1976; Rand et al.,
2003). Since the physiological response relationship between nitrogen
intake and balance is theoretically expected not to be linear, the more
complex models (1 and 2 above) would be appropriate bases for arriving
at a requirement estimate. However, in order to set the Recommended
Dietary Allowance (RDA), it is necessary to determine the variability of the
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requirement between individuals, free from the considerable within-
individual variability, and both these models require more data points on
each individual than are currently available in published studies.

Thus, while it is recognized that the first two models above are more
realistic biologically, because of the lack of available data the method
adopted for this report is to use linear interpolation to estimate the indi-
vidual requirements (the intakes predicted to result in zero balance) that
in turn are used to estimate the distribution of protein requirements. The
bilinear model was used to estimate requirements for some of the amino
acids; however, estimates of population variability (between individuals)
were derived from the analysis of protein requirements.

SELECTION OF INDICATORS FOR ESTIMATING THE
REQUIRMENT FOR INDIVIDUAL AMINO ACIDS

Irrespective of whether a design involving multiple studies in a limited
number of individuals or single studies in a larger number of subjects has
been used, the uniform approach to the determination of the require-
ment for an individual indispensable amino acid involves measuring the
relationship between the intake of the amino acid (in an otherwise ade-
quate diet) and some predetermined marker of nutritional adequacy. The
marker can be one that follows the state of protein metabolism or balance
(e.g., nitrogen balance or whole body protein turnover) or the status of
the metabolism and utilization of the amino acid under investigation (e.g.,
its concentration). These approaches give somewhat different information
about the requirement for the amino acid. Moreover, each method has
peculiar theoretical and practical disadvantages, thus the level of consis-
tency of estimates based on different approaches should be examined.
The following approaches have been proposed.

Nitrogen Balance Method

This classical method is discussed earlier in more detail under “Selection
of Indicators for Estimating the Requirement for Protein (Nitrogen).” It
has been apparent for at least 15 years that the nitrogen balance–derived
values for amino acid requirements in adults are lower than values derived
by the other methods described below, which provide results similar to
each other (Millward et al., 1990; Young, 1987; Young et al., 1989). Many
explanations have been put forward for the lower results using nitrogen
balance methodology, including the fact that excess nonprotein energy
may have been used in many nitrogen balance studies (Garza et al., 1976,
1977a, 1977b, 1978).
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Rand and Young (1999) analyzed the data of Jones and coworkers
(1956) in which young women were fed up to five different intake levels of
lysine. The design of that study allowed for the determination of between-
individual variance by studying each individual at several levels of lysine
intake. In fact, within the large nitrogen balance and amino acid require-
ment literature, only one other study (Reynolds et al., 1958) was found in
which adults were studied at four or more different intakes of amino acids
with constant levels of total nitrogen (Reynolds et al., 1958). These investi-
gators studied four different levels of methionine and cysteine.

With these two data sets, nonlinear regression can be utilized. The
reanalysis of the 1956 Jones study produced an estimate of nitrogen equi-
librium for lysine of 30 mg/kg/d, which is comparable to the values
derived by the other methods described below (Rand and Young, 1999).
In addition, most of the classic amino acid work using nitrogen balance
(Leverton et al., 1956a, 1956b, 1956c, 1956d; Rose, 1957; Rose et al., 1955a,
1955b, 1955c, 1955d, 1955e, 1955f) did not include dermal and miscella-
neous losses, which result in further underestimation of indispensable
amino acid requirements.

Unfortunately, for infants and children the only data available are
those based on nitrogen balance, and considerable uncertainty about the
accuracy of the estimates remains. However, recent factorial estimates are
in reasonable agreement with the nitrogen balance estimates (Dewey et
al., 1996).

Plasma Amino Acid Response Method

This method was the first that focused on the physiology of the indi-
vidual amino acid (Longnecker and Hause, 1959; Munro, 1970). The
reasoning behind this approach is that when the intake of the test amino
acid is below its dietary requirement, then its circulating concentration is
not only low, but also is relatively insensitive to changes in intake. As intakes
of the target amino acid approach the requirement level by increasing the
intake of the limiting amino acid, the plasma level of the amino acid starts
to increase progressively (see Figure 10-4). The point at which the
“constant” portion of the relationship between intake and plasma concen-
tration intersects the linear portion is considered to be an estimate of the
requirement.

A variation on this method involves the examination of the changes in
the plasma concentration of the test amino acid as the adult moves from
the post absorptive to the fed state post-consumption (Longnecker and
Hause, 1961). At intakes below the requirement, the plasma concentra-
tion of the test amino acid is expected to fall in the fed state and rise only
when the dietary supply of the amino acid is greater than the individual’s
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requirement. The theoretical basis of the approach is sound but the method
has disadvantages. The main difficulty is that amino acid metabolism is so
complex that factors other than the level of amino acid intake, such as
gastric emptying time, can influence its concentration (Munro, 1970).
Furthermore, the relationship between the intake of the amino acid and
its circulating concentration is not necessarily bilinear, so it is difficult to
determine a “breakpoint” (Young et al., 1972). Although in some regards
this problem applies also to the oxidation methods discussed below, over
the last 20 years these later methods have supplanted plasma amino acid
concentration–based approaches.

Direct Amino Acid Oxidation (DAAO) Method

In the 1980s, Young and his coworkers introduced the use of measure-
ments of the carbon oxidation of single indispensable amino acids as indi-
cators of adequacy of the amino acids (Young et al., 1989). This marked a
major theoretical advance over the nitrogen balance and plasma amino
acid response methods. The theoretical basis of the direct amino acid
oxidation (DAAO) method is that the nutritional indispensability of an
amino acid is a function of its inability to synthesize its carbon skeleton.
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FIGURE 10-4 Plasma threonine levels in the fed state with increasing levels of threo-
nine intake in well-nourished men. Two-phase regression revealed a breakpoint at
about 13 mg/kg/d. Taken from Kurpad and Young (2001), with permission.
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Thus, when the test amino acid is labeled with 13C, the production of
breath 13CO2 is assumed to be a good measure of the irreversible oxidative
loss of the amino acid.

The method has been applied in a similar manner to the plasma amino
acid response approach by designing experiments to determine a break-
point in the relationship between the carbon catabolism of the amino acid
(as measured as breath 13CO2) and its intake. Thus by analogy to the
concentration method, it is assumed that below the requirement the test
amino acid is conserved and that there is a low constant oxidation rate,
but once the requirement is reached, the oxidation of the test amino acid
increases progressively.

Although the DAAO method was an important advance beyond
nitrogen balance, it also presented limitations, which have been discussed
in depth (Fuller and Garlick, 1994). The most salient problem arises from
the reliance on the determination of a breakpoint in the oxidation of the
test amino acid. This reliance requires studies at very low intakes of the test
amino acid. However, at these low dietary intakes, the intake of the infused
labeled amino acid becomes significant in relation to dietary intake. This
can lead to errors in the estimation of amino acid oxidation based on the
production of labeled CO2. Thus, values of amino acid oxidation based on
the production of 13CO2 are likely to be overestimated. The second limita-
tion is that the DAAO method can only be used with full accuracy for
those amino acids whose carboxyl group is released directly to the body
bicarbonate pools. This limits its use largely to the branched chain amino
acids, phenylalanine, and lysine. Other amino acids, such as threonine
and tryptophan, pose particular problems (Zhao et al., 1986).

A criticism of this method has been that measurements were only made
during a short period during which food was given at regular hourly
intervals. This period was therefore not representative of the day as a
whole. A later modification of this approach was to infuse the labeled
amino acid during a period of fasting followed by a period of hourly meals,
thus acknowledging the discontinuous way in which food is normally taken
(Young et al., 1987). However, although this was an advance on the earlier
approach, assumptions still had to be made to extrapolate the results from
the short periods to a full day.

Twenty-four Hour Amino Acid Balance Method

Over the last decade, the DAAO method has been adapted in such a
way that it allows the carbon balance of the amino acid under investigation
to be determined over a full 24-hour period (El-Khoury et al., 1994a,
1994b). In some respects, the development of the 24-hour amino acid
balance method stemmed from the fact that the DAAO method had been
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criticized because measurements were made only in the fed state. Thus the
24-hour amino acid balance method was developed to determine the
balance of the test amino acid over a 24-hour period that encompassed
periods of fasting and feeding. This marked a significant advance in deter-
mining amino acid requirements because it moved investigations away
from the simple study of nitrogen metabolism and allowed, in principle at
least, direct measurements of the quantities of the amino acid lost under
different nutritional circumstances.

There also are drawbacks to this method. The first limitation arises
from the unresolved questions related to the method’s theoretical basis.
Although the end point of the method is the measurement of the body’s
balance of the test amino acid, the base measurement is the proportion of
the dose of 13C-amino acid that is excreted as 13CO2. In order to convert
the measured rate of production of labeled CO2 to a rate of oxidation of
the amino acid, it is necessary to know the isotopic enrichment of the
amino acid at the intracellular site of oxidation. This is difficult because
amino acid metabolism is compartmentalized and measurements of plasma
amino acid labeling likely underestimate true turnover, and hence true
oxidative loss, of the amino acid. Although for some amino acids this
problem can be circumvented by administering a labeled metabolic product
of the amino acid (e.g., α-keto isocaproic acid in studies of leucine
metabolism).

The second drawback is practical—measuring the oxidation of the test
amino acid over a complete 24-hour period makes the method labor
intensive. This probably underlies the fact that to date this method has
been applied to only three amino acids: leucine (El-Khoury et al., 1994a,
1994b; Kurpad et al., 2001b), lysine (El-Khoury et al., 2000; Kurpad et al.,
2001a), and phenylalanine with and without tyrosine (Basile-Filho et al.,
1998), and only a limited number of different levels of amino acid intake
have been investigated.

Indicator Amino Acid Oxidation (IAAO) Method

The indicator amino acid oxidation (IAAO) method arose from work
on the amino acid requirements of neonatal pigs (Kim et al., 1983).
Although the IAAO method is based on measurements of amino acid
oxidation, it uses measurements of the carbon catabolism of a nonlimiting
amino acid (called the indicator amino acid) as a carbon analogue of
nitrogen balance. The reasoning is that when a single indispensable amino
acid is provided below its requirement, it acts as the single and primary
limitation to the ability to retain other nonlimiting amino acids in body
protein. These other amino acids, including the indicator amino acid, are
then in nutritional excess and are oxidized (Zello et al., 1995). When the
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intake of the test amino acid is zero, then protein synthesis is minimal and
oxidation of the indicator is maximal. As the intake of the test amino acid
is increased, protein retention increases and the oxidation of the indicator
amino acid falls until the requirement level of the test amino acid is
reached, after which the oxidation of the indicator amino acid is lower
and essentially constant. The data are then analyzed to obtain as estimate
of the intersection of the constant and linear portions of the relationship
(the breakpoint).

The IAAO method has some advantages over the direct oxidation and
carbon balance methods and has been validated in growing piglets by
comparing estimates based on growth and body composition (Kim et al.,
1983). The first advantage is that the metabolic restrictions of carbon
dioxide release apply only to the indicator amino acid. Thus amino acids
such as threonine, whose peculiar metabolism makes them problematical
in the DAAO method, can be studied. Second, the pool size of the
indicator amino acid does not change radically as the intake of the test
amino acid is varied. Thus to some extent, potential problems of compart-
mentation are minimized and, in principle, the method does not require
estimates of the turnover of the indicator amino acid.

However, the IAAO method also has several limitations as it has been
applied. First, like the DAAO approach, it has only been used in the fed
state and the extent to which the fasting-state oxidation of the indicator
amino acid is altered by the status of the limiting amino acid has not been
determined. Second, the dependence of the result on the amount of total
protein given during the isotope infusion has not been established. Third,
the choice of the best indicator is still under study so that data obtained
with the method are dependent on the assumption of the general applica-
bility of the indicator amino acids (phenylalanine and lysine) that have
been used most frequently.

Classical nitrogen balance studies in humans show that it takes 7 to
10 days for urinary nitrogen to equilibrate in adults put on a protein-free
diet (Rand et al., 1976). On the other hand, it has been shown that most
(about 90 percent) of the adaptation in leucine kinetics is complete in
24 hours (Motil et al., 1994). Zello and coworkers (1990) studied 2- to 8-day
adaptation periods to either 4.2 or 14 mg/kg/d of phenylalanine on rates
of phenylalanine oxidation at phenylalanine intakes of 5, 7, 10, 14, 21, 28,
or 60 mg/kg/d. These investigators were unable to show any effect of
prior adaptation to these two different phenylalanine intakes on the rates
of phenylalanine oxidation at changing phenylalanine intakes, where the
adaptation to the test level was about 4 hours. Clearly, from this study,
adaptations in amino acid metabolism appear to take place much more
quickly than do adaptations in urinary nitrogen excretion and are (at least
for leucine [Motil et al., 1994]) virtually complete within 24 hours.
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The most satisfactory statistical models for determining amino acid
requirements use regression to define the population mean and variance.
For the regression models to work, ranges of intake (particularly at the low
end) have to be fed. In practical terms, this has greatly hampered studies
in infants, children, and other vulnerable groups. On the other hand, if
the individual only needs to be on a low or even zero intake of the test
amino acid for a matter of 8 hours, then it becomes feasible to study
indispensable amino acids in these and other vulnerable groups.

Such a minimally invasive indicator oxidation model has been devel-
oped (Bross et al., 1998) and applied to determine tyrosine requirements
in children with phenylketonuria (Bross et al., 2000). In this model the
oxidation study is conducted after only 6 hours of adaptation to the level
of the test amino acid, which is administered every 30 minutes.

For amino acid oxidation measurements, two-phase linear crossover
regression analysis was introduced during the validation of indicator amino
acid oxidation in piglets (Kim et al., 1983). Later, this approach was trans-
ferred to humans in a direct oxidation study (Zello et al., 1990) and in
indicator oxidation studies (Bross et al., 2000; Zello et al., 1993). This
technique permits a precise determination of the breakpoint, which is
used as the estimate of the requirement for the amino acid Estimated
Average Requirement (EAR).

As pointed out above, the drawbacks of the indicator method are the
short period of measurement in the fed state only, and the lack of a period
of adaptation to the test diets. To avoid these drawbacks, a 24-hour indicator
method has been developed (Kurpad et al., 2001a), which takes advantage
of the strengths of the indicator approach, as well as the 24-hour period of
measurements including feeding and fasting. On theoretical grounds, this
method has advantages over other methods for estimating amino acid
requirements, and is the chosen method for estimated amino acids require-
ments where data are available.

FINDINGS BY LIFE STAGE AND GENDER GROUP
FOR TOTAL PROTEIN

Infants Ages 0 Through 6 Months

Method Used to Set the Adequate Intake

The recommended intakes of protein are based on an Adequate Intake
(AI) that reflects the observed mean protein intake of infants fed princi-
pally with human milk.
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Human Milk. Human milk is recognized as the optimal source of
nutrients for infants throughout at least the first year of life and is recom-
mended as the sole nutritional source for infants during the first 4 to
6 months of life (IOM, 1991). There are no reports of apparently healthy,
full-term infants, exclusively fed human milk, who manifest any signs of
protein deficiency (Heinig et al., 1993). Therefore, determination of the
AI for protein for infants is based on data from infants fed human milk as
the principal source of nutrients during the period 0 through 6 months of
age. As is described in Chapter 2, the AI is set at the mean value calculated
from studies in which the volume of human milk was measured by test
weighing, and the average concentration of the protein content in human
milk was determined using average values from several reported studies.

The protein content of human milk at various stages of lactation is
shown in Table 10-7. In general, protein concentrations decline in the
later stages of lactation. Nonprotein nitrogen contributes 20 to 27 percent
of total milk nitrogen (Atkinson et al., 1980; Butte et al., 1984a, 1984b;
Dewey et al., 1996). These nonprotein nitrogenous components include
free amino acids, pyrimidine nucleotides, creatine, and glutathione, but
the large majority is urea. Using data from 13 lactating mothers of term
infants, Butte and coworkers (1984a) reported that the protein content of
human milk was 1.29 g/dL at 2 weeks of lactation, 1.08 g/dL at 4 weeks,
1.01 g/dL at 6 weeks, 0.94 g/dL at 8 weeks, and 0.91 g/dL from 10 to
12 weeks. Similar results of 0.91 g/dL were reported by Lammi-Keefe and
coworkers (1990) at 8 weeks of lactation in 6 mothers of term infants. Both
of these studies analyzed nitrogen by the Kjeldahl method. However,
higher human milk protein content has been reported by Nommsen and
coworkers (1991): 1.21 g/dL at 3 months, 1.14 g/dL at 6 months, 1.16 g/dL
at 9 months, and 1.24 g/dL at 12 months of lactation. Dewey and coworkers
(1984) reported values of approximately 1.25 g/dL at 4 to 11 months of
lactation. These latter investigators attribute the higher values to their
utilization of the modified Lowry assay for total protein, which tends to
result in slightly higher values (Nommsen et al., 1991).

Ages 0 Through 6 Months. The AI for infants 0 through 6 months is
based on the estimated average volume of milk intake of 0.78 L/d (Allen
et al., 1991; Heinig et al., 1993) for this age group, and an average protein
content of human milk of 11.7 g/L. This is the average protein content of
human milk during the first six months of lactation from studies (Butte et
al., 1984a; Dewey and Lönnerdal, 1983; Dewey et al., 1984; Nommsen et
al., 1991) in which the sample size was at least 10 and actual data were
provided (see Table 10-7). This value is in the range of protein content
reported in other studies (Table 10-7). Multiplying this amount by the
estimated average volume of intake of human milk for infants 0 through
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6 months, the AI would be 11.7 g/L × 0.78 L/d = 9.1 g/d or 1.52 g/kg/d
based on the reference weight of 6 kg for the 2- through 6-month-old
infant from Chapter 1 (Table 1-1).

Protein AI Summary, Ages 0 Through 6 Months

AI for Infants
0–6 months 1.52 g/kg/d

Special Considerations

Although protein intakes have been reported to be 66 to 70 percent
higher in infants fed formula compared with those fed human milk for up
to 12 months of age, there is no evidence that the lower protein intakes in
the breast-fed infants were associated with adverse outcomes (Heinig et
al., 1993). In fact, despite their lower protein intakes, some studies have
demonstrated that infants fed human milk have better immune function
and behavioral development than formula-fed infants (IOM, 1991; Lucas
et al., 1992; Rogan and Gladen, 1993). As expected, gains in weight and
lean body mass are higher in the formula-fed than breast-fed infants, but
when controlled for energy intake, protein intake is not associated with
weight or length gain within the breast-fed infants (Heinig et al., 1993).
Several studies have shown that infants fed formula with a true protein
level ([total nitrogen – nonprotein nitrogen] multiplied by 6.25) of 15 g/L
have higher urea nitrogen and plasma amino acid levels than those seen
in breast-fed infants (Janas et al., 1985, 1987; Järvenpää et al., 1982a, 1982b;
Räihä et al., 1986a, 1986b), a true protein intake of 13 g/L of infant for-
mula based on cow milk has been shown to result in a similar plasma
amino acid profile in formula-fed infants to that seen in breast-fed infants
(Lönnerdal and Chen, 1990).

It is recognized that casein and whey in cow milk is not the same as
human casein and whey and that the absorption and digestibility of amino
acids from formula is different than that of human milk. The 1985 Joint
FAO/WHO/UNU expert group (FAO/WHO/UNU, 1985) recommended
a factor of 0.70 for protein in cow milk, finding that it is 70 percent as
efficiently utilized as the protein in human milk based on studies in 1-year-
old infants. Later Fomon (1991) recommended a conversion estimate of
90 percent for infants receiving infant formula as the only source of dietary
protein and suggested that infant formula should contain a minimum of
1.6 g  α-amino nitrogen/100 kcal. Thus in determining the level of pro-
tein to be included in infant formula based on various possible protein
sources, it is important to evaluate the digestibility and comparative pro-
tein quality (see “Protein Quality”) as indicated above.
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Infants Ages 7 Through 12 Months

Method Used to Estimate Average Intakes

During the second 6 months of life, solid foods become a more impor-
tant part of the diet of infants and add a significant amount of protein to
the diet. Although limited data are available for typical protein intakes
from foods by infants fed human milk, mean protein intake from comple-
mentary foods for infants aged 7 through 12 months was estimated to be
7.1 g/d for human milk–fed infants based on data from the Third National
Health and Nutrition Examination Survey. Heinig and coworkers (1993)
reported slightly higher values for nonmilk protein intake during the
second 6 months of life. Based on their data, the average volume of human
milk consumed during the second 6 months of life would be about 0.6 L/d.
Thus, protein intake from human milk with a protein content of about
12.1 g/L at 7 to 12 months of lactation from the data for this age group
(Dewey et al., 1984; Nommsen et al., 1991) would be approximately 7.3 g/d
(12.1 g/L × 0.6 L/d). It should be noted that this is greater than that
derived from the studies of content of milk from earlier lactation periods,
primarily due to the use of the Lowry methods by both of these reports
and the small number of studies available from this lactation period.

Adding the intake from milk (7.3 g/d) and food (7.1 g/d), the total
average protein intake is estimated to be 14.4 g/d or 1.6 g/kg/d based on
the reference weight of 9 kg for the 7- through 12-month-old infant from
Chapter 1 (Table 1-1).

Method Used to Estimate the Average Requirement

Published data on the relationship between protein (nitrogen) intake
and nitrogen balance were utilized to estimate protein requirements by
the factorial method for infants 7 through 12 months of age as well as for
children and adolescents through 18 years of age. The factorial method
includes: (1) estimates of the maintenance requirement, which is deter-
mined by regression analysis of the relationship between nitrogen intake
and nitrogen balance, (2) measurement of the rates of protein deposition,
which are derived from body composition analysis, and (3) estimates of
the efficiency of protein utilization, which is derived from the slope of the
line relating intake and balance from the available data on infants and
children.

Several nitrogen balance studies that involved children in the age
range of 9 months to about 14 years were identified and analyzed
(Table 10-8). The studies fall into three groups: (1) studies designed to
measure “basal” nitrogen loss at very low or zero protein intakes, (2) studies
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involving children receiving only one of a variety of protein levels, and
(3) studies involving a limited number of individuals but with each indi-
vidual receiving a range of protein intakes. Included in the analysis were
studies in which the children consumed diets containing milk/egg,
legume/cereal, and mixed vegetable/animal protein sources. The results,
summarized in Table 10-8, were obtained in mostly boys and include a
number of different ethnic groups including European, African, Central
American, and Chinese.

Miscellaneous Losses. A critical aspect of the analysis is the inclusion of
an estimate for integumental and unaccounted losses that were based on
direct measurements in children, mostly boys, aged 7 months through
14 years. On the basis of five reports (Howat et al., 1975; Huang et al.,
1980; Korslund et al., 1976; Uauy et al., 1981; Viteri and Martinez, 1981), the
mean miscellaneous nitrogen losses are estimated to be 6.5 (± 2.3) mg/kg/d
with a range of 5 to 9 mg/kg/d. In deriving the protein requirement, this
estimate of miscellaneous losses was included as an adjustment to the
reported nitrogen balances for the studies included in Table 10-8. The
miscellaneous losses from both boys and girls are assumed to be the same
since data from girls were limited.

Maintenance Requirement. Individual maintenance protein require-
ments were estimated by first regressing nitrogen balance on nitrogen
intake for the individuals studied at several different intake levels, and
then using these individual regression equations to interpolate the intakes
that would be expected to produce zero nitrogen balance (adjusting for
6.5 mg/kg/d for miscellaneous losses). Table 10-8 contains seven studies
that permit estimation of individual requirements and three studies that
were used to estimate pooled requirements. As shown in the table, the
average individual maintenance requirement was estimated as the median
of the individual nitrogen requirements (108 mg/kg/d). For each study,
an estimate was calculated as the median of the individual studies or the
study pooled nitrogen requirement for those studies without individual
data, and was 110 mg/kg/d . Since data for girls were sparse and could not
be separated from that for boys, the protein maintenance requirement for
both boys and girls is set at the same level. In addition, the maintenance
protein requirement was not adjusted for age, as the requirement per kg
of body weight for children 8 years of age and above appeared to be simi-
lar to that of younger children ranging in age from 9 months to 5 years
(Table 10-8). Supporting this decision are the data of Widdowson and
Dickerson (1964), which demonstrated that around 4 years of age, body
protein concentration reaches the adult value of 18 to 19 percent of body
weight.
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TABLE 10-8 Maintenance Protein Requirement for Children
Based on Nitrogen Balance Dataa

Reference Country Diet Age

Huang et al., 1980 China Milk 9–17 mo

Huang et al., 1980 China Egg 9–17 mo

Intengan et al., 1981 Philippines Rice and fish 18–26 mo

Torun and Viteri, 1981 Guatemala Milk 17–31 mo

Torun et al., 1981 Guatemala Soy 17–31 mo

Egana et al., 1984 Chile Milk 34–62 mo

Egana et al., 1984 Chile Soy 34–62 mo

Intengan, 1984 Philippines Rice and beans 22–29 mo

Gattas et al., 1990 Chile Mixed 8–10 y

Gattas et al., 1992 Chile Mixed 12–14 y

Median of all individual estimates (n = 7 studies)

Median of all studies (n = 10)

a Entries are medians (mean ± standard deviation).
b Multiple data on each individual not available.
c Regression estimate of study requirement.

Protein Deposition. Estimates of rates of protein deposition for infants
from 9 months through 3 years of age (Butte et al., 2000) and total body
protein content from 4 through 18 years of age (Ellis et al., 2000) were
utilized to estimate rates of body protein deposition and are shown in
Table 10-9. This table contains longitudinal (Butte et al., 2000) and cross-
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sectional (Ellis et al., 2000) data based on a combination of water dilution,
whole body potassium, and dual-energy x-ray absorptiometry (DXA)
scanning methods used to estimate body composition. To obtain protein
deposition rates since the data in young children were longitudinal (Butte
et al., 2000), and the data in older children were cross-sectional (Ellis et

Maintenance
Requirement

Intercept at 6.5 mg Including
n N/kg/d  Slope 6.5 mg N/kg/d

32 pointsb (24 boys) –77.5c 0.69c 112c

29 pointsb (10 boys) –81.6c 0.71c 116c

7 boys –53.6 0.52 102
(–47.4 ± 26.0) (0.49 ± 0.10) (91 ± 37)

10 boys –52.0 0.70 66
(–51.1 ± 22.1) (0.71 ± 0.12) (71 ± 28)

10 boys –55.5 0.55 90
(–52.2 ± 14.5) (0.58 ± 0.09) (89 ± 18)

6 boys and girls –35.4 0.52 76
(–40.1 ± 16.2) (0.51 ± 0.08) (79 ± 27)

7 boys and girls –58.2 0.51 127
(–59.4 ± 9.9) (0.49 ± 0.10) (124 ± 19)

5 boys –98.1 0.68 149
(–121.1 ± 43.7) (0.77 ± 0.24) (156 ± 15)

8 boys –67.3 0.54 126
(–55.4 ± 39.2) (0.43 ± 0.29) (126 ± 11)

8 boys (pooled)b –61.4c 0.57c 107c

53 –57.5 0.56 108
(–57.9 ± 32.3) (0.57 ± 0.19) (101 ± 35)

–57.4 0.58 110
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TABLE 10-9 Mean Daily Rates of Protein Deposition and
Factorial Model Calculations of Mean Requirements for
Protein

Girls Boys

Protein Mean Protein Mean
Depositiona Requirementb Depositiona Requirementb

Age (y) (mg/kg/d) (g/kg/d) (mg/kg/d) (g/kg/d)

0.75 183 1.00 180 1.00

1 150 0.94 150 0.94
1.5 112 0.88 116 0.89
2 91 0.84 96 0.85
3 57 0.78 54 0.78
1–3 103 0.86 104 0.87

4 48 0.77 44 0.76
5 44 0.76 40 0.76
6 48 0.77 42 0.76
7 46 0.76 46 0.76
8 42 0.76 51 0.77
4–8 46 0.77 45 0.77

9 48 0.77 55 0.78
10 36 0.74 51 0.77
11 35 0.75 48 0.77
12 39 0.75 48 0.77
13 29 0.74 41 0.76
9–13 37 0.75 49 0.77

14 23 0.73 38 0.75
15 19 0.72 34 0.74
16  8 0.70 28 0.73
17  0 0.69 19 0.72
18  0 0.69  6 0.70
14–18 10 0.71 25 0.71

a Deposition was derived from the data for protein accumulation in children (Butte et
al., 2000; Ellis et al., 2000), which were fitted to the following polynomial equations.
The gradients at specific ages in the range 4 through 17 years were determined by
differentiation of the regression equation. The growth rates given by Butte et al. (2000)
were employed for ages 0.75 through 2 years.

Girls protein content = –0.00027 × age (y)4 + 0.00816 × age (y)3 – 0.0665 × age (y)2 +
0.51819 × age (y) + 0.60856 (R2 = 0.9946).
Boys protein content = –0.00047 × age (y)4 + 0.01663 × age (y)3 – 0.16613 × age (y)2 +
0.95166 × age (y) + 0.36037 (R2 = 0.9966).

notes continue
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al., 2000), the data for body protein content from the two studies were
pooled and regressed on age, giving a smooth curve and yielding the poly-
nomial equations that are shown in footnote a in Table 10-9. Inclusion of
data from the young children (Butte et al., 2000) improved the fit over the
range of ages 4 through 18 years, but the fit at the younger ages, near the
tail of the curve, was not satisfactory. Hence, the gradients at specific ages
in the age range 4 through 18 years were determined by differentiation of
the regression equation, whereas for ages 9 months through 2 years, the
growth rates given by Butte and coworkers (2000) were employed.

Protein EAR Summary, Ages 7 Through 12 Months

The Estimated Average Requirement (EAR) is estimated by the facto-
rial method by taking the median (110 mg nitrogen/kg/d equivalent to
688 mg protein/kg/d) of the nitrogen intake for nitrogen equilibrium
(thus measuring maintenance requirement only) derived from Table 10-8,
plus the product of 1.72 (the reciprocal of the slope [0.58] of those data,
which estimates the efficiency of protein utilization for growth) and the mean
protein deposition (Table 10-9) for boys and for girls. The resulting mean
protein requirement is estimated to be 1.0 g/kg/d for boys and for girls.

EAR for Older Infants
7–12 months 1.0 g/kg/d

Protein RDA Summary, Ages 7 Through 12 Months

The Recommended Dietary Allowance (RDA) is defined as covering
97.5 percent of the age group. Thus, the EAR must be increased by an
amount equal to two times its standard deviation to cover the needs of
almost all of this age group. The variation in requirements is based on
both the variation in maintenance needs and the variation in the rate of
protein deposition (protein for growth).

b Mean requirement = maintenance requirement from Table 10-8 or 10-12 + dietary
amount needed from protein deposition by life stage and gender group.

Median requirement for ages 0.75 through 13 years = 688 mg protein/kg/d (110 mg
N/kg/d [Table 10-8] × 6.25 mg protein/kg N) + (1.72 [efficiency of protein utilization
derived from reciprocal of slope in Table 10-8] × mean protein deposition for life stage
and gender group).

Median requirement for ages 14 through 18 years = 656 mg protein/kg/d (105 mg
N/kg/d [Table 10-12] × 6.25 mg protein/kg N) + (2.13 [the efficiency of protein
utilization derived from reciprocal of slope in Table 10-12 = 0.47] × mean protein
deposition).
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Due to lack of adequate data on this age group, the variation in main-
tenance requirement for protein was assumed to be the same in children
of all ages as in adults. Thus, the coefficient of variation (CV) for mainte-
nance for this age group is 12 percent, the same as the CV of the protein
requirement for adults developed by Rand and coworkers (2003) (see
“Adults Ages 19 Through 30 Years”). A coefficient of variation for growth
of 43 percent was determined in a study of whole body potassium-40 content
in children (Butte et al., 2002). The total variation from both sources
combined is calculated from the formula:

SDT = (√ [CVM  × maintenance requirement]2

                        + [CVG × growth requirement]2),

where CVM  is 0.12, the maintenance requirement is 0.688 g protein/kg/d,
CVG is 0.43, and the growth requirement is the rate of protein deposition
divided by the efficiency of dietary protein utilization. This yields the
following formula:

SDT = (√ [0.12 × 0.688 g protein/kg/d]2

                             + [0.43 × 1.72 × Y g protein/kg/d2]),

where Y = 0.182 g/kg/d (average of value for boys and girls from Table 10-9).

The RDA is then calculated as the RDA = EAR + 2 × SDT, yielding the
formula:

RDA = EAR + 2 × (√ [0.12 × 0.688 g protein/kg/d]2

                       + [0.43 × 1.72 × 0.182 g protein/kg/d]2)

The estimated amount by which to increase the EAR to cover 97.5
percent of older infants is thus the EAR + 2 (0.101 g protein/kg/d) = 1.0 +
0.2 g protein/kg/d for a total of 1.2 g/kg/d of protein. This value is
slightly lower than the AI for protein based on mean protein content of
human milk and the intake from complementary foods of 1.6 g/kg/d.

RDA for Older Infants
7–12 months 1.2 g/kg/d or 11.0 g/d of protein1

1Due to a calculation error in the prepublication copy, the value is changed from
1.5 g/kg/d to 1.2 g/kg/d and for the reference infant from 13.5 g/d to 11.0 g/d.
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Children Ages 1 Through 13 Years

Protein EAR Summary, Ages 1 Through 13 Years

The Estimated Average Requirement (EAR) is estimated by the fac-
torial method, which adds the amount needed for maintenance based on
body weight to the amount estimated to be needed for protein deposition.
The mean of the nitrogen intake for nitrogen equilibrium (thus measur-
ing maintenance requirement only) is derived from all of the individual
estimates for children and is 110 mg nitrogen/kg/d or 688 mg protein/kg/d
(110 × 6.25) (Table 10-8). This is increased by the product of 1.72 (the
reciprocal of the slope [0.58] of that data, which estimates the amount of
protein utilization) and the efficiency of utilization as estimated by Rand
and coworkers (2003) for adults (see “Adults Ages 19 Years and Older”).
This is multiplied by the mean protein deposition (Table 10-9) for boys
and for girls for each age group. Given the assumptions in this method
and the few girls in the studies included in Tables 10-8 and 10-9, the EAR
is set at the average for boys and girls in each age group.

EAR for Boys and Girls
 1–3 years 0.87 g/kg/d of protein2

 4–8 years 0.76 g/kg/d of protein
 9–13 years 0.76 g/kg/d of protein

Protein RDA Summary, Ages 1 Through 13 Years

Assuming the variation of maintenance requirements for protein and
protein deposition requirements vary, then the RDA is set as indicated at
the 97.5th  percentile, estimated as follows:

RDA = EAR + 2 (√ [0.12 × 0.688 g protein/kg/d]2

 + [0.43 × 1.72 × Y g protein/kg/d]2),

where Y = 0.104 g for age group 1–3 years, 0.046 g for age group 4–8 years,
and 0.043 g for age group 9–13 years. Numbers are rounded to nearest
0.05 g.

Using the reference values for body weight for each age group as
shown in Table 1-1, the RDA for protein would be 13 g/d for ages 1–3
years, 19 g/d for 4–8 years, and 34 g/d for 9–13 years.

2Due to a calculation error in the prepublication copy, the value is changed
from 0.88 g/kg/d to 0.87 g/kg/d.
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RDA for Boys and Girls
1–3 years 1.05 g/kg/d or 13 g/d of protein3

4–8 years 0.95 g/kg/d or 19 g/d of protein
9–13 years 0.95 g/kg/d of 34 g/d of protein

Adolescents Ages 14 Through 18 Years

Since data were not available to determine the maintenance protein
requirement in children older than 14 years of age (Table 10-8), and since
the maintenance nitrogen requirement of children (110 mg/kg/d) is simi-
lar to that for adults (105 mg/kg/d as shown in Table 10-12), the EAR for
adolescents 14 through 18 years of age is based on the adult estimates of
maintenance requirements from nitrogen balance studies (Rand et al.,
2003), plus an additional amount to cover the needs for growth for this
age as determined by the factorial method.

Protein EAR Summary, Ages 14 Through 18 Years

The maintenance requirement of adults of 105 mg nitrogen/kg/d or
656 mg protein/kg/d is added to the product of 2.13 (the reciprocal of
the slope [0.47], which is the estimate of the efficiency of protein utiliza-
tion in adults) (Rand et al., 2003), times the mean protein deposition as
adjusted for efficiency of protein utilization (0.43), and calculated for boys
or girls 14 through 18 years of age using the polynomial equations given in
Table 10-9 to estimate protein deposition.

EAR for Boys
14–18 years 0.73 g/kg/d of protein

EAR for Girls
14–18 years 0.71 g/kg/d of protein

Protein RDA Summary, Ages 14 Through 18 Years

The RDA for protein for adolescents is set by determining the CV for
maintenance and protein deposition. Since the CV of the maintenance
requirement could not be calculated from the data shown in Table 10-8,
and because of the similarity in maintenance requirements in children
(Table 10-8; 110 mg N/kg/d) and adults (105 mg N/kg/d as estimated by

3Due to a calculation error in the prepublication copy, the value is changed
from 1.10 g/kg/d to 1.05 g/kg/d.
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Rand et al., [2003]), the CV in adults (12 percent) was also utilized to
determine the variation in maintenance requirements for children and
adolescents (see section “Protein RDA Summary, Ages 19–50 Years”). A
CV of 43 percent for protein deposition was determined in the study of
Butte and coworkers (2000), and this varied little with age and gender.
Therefore, this value was used as the CV for growth for all ages.

The RDA is set for older adolescents as indicated at the 97.5th percen-
tile, estimated as follows:

RDA = EAR + 2 (√ [0.12 × 0.656 g protein/kg/d]2

                        + [0.43 × 2.13 × Y g protein/kg/d]2),

where Y = 0.010 g for girls and 0.025 g for boys. Numbers are rounded to
nearest 0.05 g.

Using the reference values for body weight shown in Table 1-1, the
RDA for protein for girls 14–18 years of age would be 46 g/d, and for boys,
52 g/d.

RDA for Boys
14–18 years 0. 85 g/kg/d of protein or 52 g/d of protein

RDA for Girls
14–18 years 0.85 g/kg/d of protein or 46 g/d of protein

Adults Ages 19 Through 50 Years

Evidence Considered in Estimating the Average Requirement

In adults, protein requirement estimates have depended on one of
two main approaches, namely, the factorial method and nitrogen balance
response to different levels of intake of defined quality protein intakes.
While the nitrogen balance method for estimation of protein requirements
has serious shortcomings (see “Nitrogen Balance Method”), this method
remains the primary approach for determining the protein requirement
in adults, in large part because there is no validated or accepted alternative.

Nitrogen Balance Studies

Over the last 40 years, a number of analyses of available data on adult
nitrogen balance studies have been utilized to estimate adult protein require-
ments; some reports are listed in Table 10-10. A growing body of data has
accumulated that allows a more refined approach to such estimates, as
improved techniques for measuring nitrogen output and controlling for
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external variables that impact nitrogen utilization have been implemented,
and there has been a move toward standardization of study protocols.

The most recent in-depth analysis conducted at the request of the
International Dietary Energy Consultative Group in 1996 and then more
recently by the Food and Agriculture Organization, World Health Organi-
zation, and the United Nations University (FAO/WHO/UNU) included
19 studies conducted across the globe that measured and published nitro-
gen balance responses for 235 individuals given at least three levels of
nitrogen intake for periods of 10 to 14 days (to be included in the analysis,
it was required that individual data be available for at least three levels of
intake adapted to by consuming the diet for least 10 days, with urinary and
fecal nitrogen collection in the final 5 days of the diet period) (Rand et al.,
2003). This was considered important so that estimates of individual require-
ments could be interpolated. In addition, 9 studies of individuals fed a
single level of nitrogen intake or that only provided group data for multiple
levels of intake (n = 174 individuals) were used to assess the fit of the
analyses conducted (Rand et al., 2003). The studies used were classified on
the basis of age of the adults (young: 19 through 52 years of age; old:
53 years of age and older); protein source (animal [animal sources
provided > 90 percent of the total protein], vegetable [vegetable sources
provided > 90 percent of the total protein], or mixed), as well as gender
and climatic origin (temperate or tropical area), and corrected for skin
and miscellaneous losses when not included in the nitrogen balance data
(Rand et al., 2003). (See Appendix M for data on studies used.)

TABLE 10-10 Estimates of Adult Protein Requirements Using
Nitrogen Balance Data

Estimates of Adult Protein
Requirements for High Quality
Protein (includes estimate of
variation in requirements) (g/kg/d) Estimation of

Variation in
Reference Men Women Requirements (%)

FAO/WHO, 1965 0.71 0.71 10

FAO/WHO, 1973 0.60 0.60 15

FAO/WHO/UNU, 0.75 0.75 12.5
1985

Rand et al., 2003 0.80 0.80 12
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Analyses have also been made estimating endogenous protein loss in
healthy adults when consuming protein-free diets adequate in all other
respects. Estimates of endogenous loss from some of the various analyses
of protein requirements are included in Table 10-11.

Methods Used to Estimate Individual Requirements

Earlier estimates of adult protein requirements (FAO/WHO, 1965)
utilized information from endogenous nitrogen losses as the basis for
determining protein requirements, assuming maximal utilization at levels
near endogenous losses. However, as discussed in earlier sections, the effi-
ciency of utilization of dietary protein declines as nitrogen equilibrium is
reached. More recent approaches have averaged nitrogen balance data
obtained from various studies where healthy individuals were given high-
quality protein sources so that total nitrogen is considered the limiting
dietary component rather than a specific indispensable amino acid (FAO/
WHO/UNU, 1985).

With additional data it is possible to estimate requirements using
regression analysis. Linear regression of nitrogen balance on nitrogen
intake was utilized to estimate the nitrogen intake that would produce
zero nitrogen balance in the most recent carefully done analysis available
(Rand et al., 2003). In adults, it is generally presumed that the protein
requirement is achieved when an individual is in zero nitrogen balance.
To some extent, this assumption poses problems that may lead to under-
estimates of the true protein requirement (see “Nitrogen Balance Method”).

Although the authors (Rand et al., 2003) acknowledge that it is known
that the nitrogen response curve is nonlinear (because at high intakes the
efficiency of nitrogen retention decreases), linear interpolation was uti-
lized because the primary data utilized for the regression were gathered at
intake levels close to those that were expected to produce zero balance. In
this range there is no indication, either visually or statistically, for the
utilization of an interpolation scheme other than linear (Rand et al., 2003).
It was also recognized that while the use of more complex models would
improve the standard error of fit, these models did not statistically improve
the fits, in large part because of the small number of data points (3 to 6)
for each individual (Rand et al., 2003).

Estimation of the Median Requirement

Utilizing the recent analysis of nitrogen balance data (Rand et al.,
2003), the individual requirement estimates were found to be both signifi-
cantly skewed and kurtotic, being characterized by more than expected
very large or very small requirements (see Figure 10-5) (Rand et al., 2003).
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Protein Requirement (g/kg/day)
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FIGURE 10-5 Distribution of the estimated protein requirements for 225 individuals
(Rand et al., 2003) in a trimmed data set showing the skewness of protein
requirement.
SOURCE: William Rand, personal communication, 2002.

The median requirement, potentially of use as the EAR, was calculated in
two different ways: first as the median of the entire sample of 235 indi-
viduals in the primary data set (weighting all individuals the same), and
second as the median of the medians of each distinct substudy (weighting
each substudy equally) (Rand et al., 2003). In either case, data from all
individuals were included in the analysis.

The results of these analyses are included in Table 10-12. Because of
the non-normality of the individual data, nonparametric tests were used
(Mann-Whitney and Kruskal-Wallis) to compare requirements between the
age, gender, diet, and climate subgroups (Table 10-13). Where nonsignifi-
cant differences were found, Analysis of Variance was used for power cal-
culations to roughly estimate the differences that could have been found
with the data and variability. Separate analyses were conducted for all the
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individual requirements and for substudies, both excluding and including
secondary estimation data (Rand et al., 2003).

Statistical Analysis of Nitrogen Balance Data to Determine the
Protein Requirement

Data Analysis. The relationship between nitrogen balances, corrected
for integumental and miscellaneous losses, and nitrogen intake from Rand
and coworkers (2003) is shown in Figure 10-6. This figure includes indi-
vidual data from the linear regression of nitrogen balance in adults exam-
ined (Rand et al., 2003). The authors noted that positive nitrogen balance
was found in some individuals at nitrogen intakes as low as 60 mg/kg/d,
and in other individuals negative balance was noted at nitrogen intakes as
high as 200 mg/kg/d. This suggests that at least some of these individuals
were not at constant nitrogen balance equilibrium.

In addition, while the nitrogen balance response to increasing nitrogen
intake is theoretically expected to be nonlinear, the primary individual
data points near the equilibrium balance point demonstrate a linear rela-
tionship, which appears to become nonlinear at high intakes. This can be
attributed to different study designs in the test data included in Figure 10-6.
The data points from only the estimation studies show a linear response
over the relatively narrow range of intakes studied, while data points from
the test studies also show a response that is not different from linear,
although more variable and with a lower slope. Much variability is noted in
the response data because the studies differ in methodology, individuals
differ from each other, and an individual’s response differs from day to day.

Table 10-12, a summary of the nitrogen requirement for all the data
points included in the analysis by Rand and coworkers (2003), shows a
nitrogen requirement of 105 mg/kg/d or 0.66 g protein/kg/d (105 mg
N/kg/d × 6.25), with an approximately 95 percent confidence interval of
101 to 110 mg/kg/d (0.63 to 0.69 g protein/kg/d). When only the indi-
vidual data points in the primary estimation studies are considered, the
nitrogen requirement is 102 mg/kg/d (0.64 g protein/kg/d), and when
all of the estimation study data points are considered, the nitrogen
requirement is 103 mg/kg/d (0.64 g/kg/d). The median slope of the
nitrogen balance response regression was 0.47 mg N/kg/d for all the data
points, with a 95 percent confidence interval of 0.44 to 0.50 mg N/kg/d,
which is in close agreement with the median slope of the primary estimation
studies of 0.49 mg N/kg/d and all estimation studies of 0.47 mg N/kg/d.

Factor Analysis. Since all the data meeting the criteria for the meta-
analysis were combined in the regression analysis by the authors (Rand et
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Protein Intake (g/kg/day)
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FIGURE 10-6 Relationship between individual nitrogen balances, corrected for
integumental and nitrogen losses and nitrogen intake in random selection of data.
▫ = primary data; � = test data; * = obligatory losses data.
SOURCE: Rand et al. (2003).

al., 2003), a separate analysis was conducted to evaluate the extent to which
the four factors thought to have the most influence on protein require-
ments—climate, age, gender, and dietary protein source—were analyzed.
As shown in Table 10-13, expected climate in the country of the study had
a significant effect (p < 0.47), with differences of the magnitude of about
+10 mg N/kg/d (0.06 g protein/kg/d) in tropical climates. The effect of
age, as shown in Table 10-13, was a nonsignificant difference of 27 mg N/d
(0.17 g protein/d) in the nitrogen requirement between young (19 to
52 years of age) and older (53 years of age and older) individuals per kg of
body weight. Although the young individuals had a lower nitrogen require-
ment than the older individuals, the requirement of young individuals was
more variable and more positively skewed than that for the older individuals.
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In addition, men had a statistically significant higher median nitrogen
requirement by about 18 mg N/kg/d (0.11 g protein/kg/d) than did the
women studied, although this difference disappears when medians of the
primary estimation studies are compared. Ninety-five percent confidence
intervals for these estimates are 104 and 114 mg N/kg/d (0.65 and 0.71 g
protein/kg/d) for men and 85 and 104 mg N/kg/d (0.53 and 0.65 g
protein/kg/d) for women. Finally, the source of protein (90 percent
animal, 90 percent vegetable, or mixed) did not significantly affect the
median nitrogen requirement, slope, or intercept. It should be noted that
almost all of the studies included as 90 percent vegetable were based on
complementary proteins. For further discussion on this aspect of the data
analysis and for information on vegetarian diets see later sections on
“Protein Quality” and on “Vegetarians.”

All of the various estimates of protein requirements (Table 10-10) are
confounded by variations in energy intake relative to energy balance and
expenditure. It has been estimated that an error of about 10 percent in
energy intake as estimated from a diet history or a prediction equation
(FAO/WHO/UNU, 1985) would cause the nitrogen balance estimate to
be affected by about ± 6 mg/kg/d (Pellett and Young, 1992).

Other Approaches to Determine the Protein Requirement Based on the
Recent Meta-Analysis

In addition to the linear statistical approach to determine protein
requirements described in detail above, the authors considered three other
statistical approaches to the nitrogen balance analysis (Rand et al., 2003).
All data from the studies in the meta-analysis were fitted to the following
models: linear, quadratic, asymptotic exponential growth and linear
biphase (see Table 10-12).

Since the above analyses used all of the available data points without
linking the individuals or restricting the range of intakes, the authors made
the decision to use nitrogen equilibrium as the criterion and individual
linear regressions, using only those individuals in the primary data set to
determine the protein requirement (Rand et al., 2003). However, due to
the shortcomings of the nitrogen balance method noted earlier, it is rec-
ommended that the use of nitrogen balance should no longer be regarded
as the “gold standard” for the assessment of the adequacy of protein intake
and that alternative means should be sought.

Protein EAR Summary, Ages 19 Through 50 Years

Using the recent meta-analysis of the nitrogen balance studies (Rand et
al., 2003), the best estimate of the nitrogen EAR in the healthy adult popu-
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lation is determined to be 105 mg N/kg/d, the median requirement for
all data (Table 10-13), or 0.66 g/kg/d of protein (105 mg N/kg/d × 6.25).
The criterion of adequacy used for the protein EAR is based on the lowest
continuing intake of dietary protein that is sufficient to achieve body nitro-
gen equilibrium (zero balance). While the data as analyzed in the meta
analysis (Rand et al., 2003) do not provide any basis for assuming different
requirements for climate, age, or source of protein in the diet, it must be
recognized that such a lack of statistically significant differences in this
data may well be artifacts of the method and the variability in both its
determination and in the individuals measured.

Although the data indicate that women have a lower nitrogen require-
ment than men per kilogram of body weight, this was only statistically
significant when all studies were included, but not when the analysis was
restricted to the primary data sets. This difference may be due to differ-
ences in body composition between men and women, with women and
men having on average 28 and 15 percent fat mass, respectively. When
controlled for lean body mass, no gender differences in the protein re-
quirements were found. However, in view of the uncertain significance of
the difference between the genders, the same protein EAR on a body
weight basis for both men and women is chosen. Based on the reference
body weights of 70 kg and 57 kg for men and women, respectively, from
Table 1-1, the EAR for protein is 47 g/d for men and 38 g/d for women.

EAR for Men
19–30 years 0.66 g/kg/d of protein
31–50 years 0.66 g/kg/d of protein

EAR for Women
19–30 years 0.66 g/kg/d of protein
31–50 years 0.66 g/kg/d of protein

Protein RDA Summary, Ages 19 Through 50 Years

The RDA for protein is set using the nitrogen balance database and
methodology detailed by Rand and colleagues (2003) who demonstrated
that the natural logarithm of requirement (in mg nitrogen/kg/day) has a
normal distribution with a mean of 4.65 and a standard deviation of 0.12.
The 97.5th percentile of the log requirement is then calculated as 4.89
(the mean plus 1.96 times the standard deviation) and the RDA is the
exponentiation (exp) of this value, 132 mg nitrogen/kg/d, or equivalently,
0.80 g protein/kg/d (rounding to the nearest 0.1 g).  It should be noted
that protein requirement having a log normal distribution permits the
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estimation the protein intake adequate for any percentile (P) of a healthy
population from the equivalent formulae:

exp[0.12 × z(P) + 4.65] for nitrogen (mg/kg/d), or
exp[0.12 × z(P) – 0.425] for protein (g/kg/d)

In these equations,
(1) “4.65” and “–0.425” are, respectively, the means of the log require-

ment distributions in mg nitrogen/kg/d and g protein/kg/d [the EAR in
mg nitrogen/kg/d = exp(4.65) =  105, while the EAR in  g protein/kg/d =
exp(–0.425) = 0.65];

(2) “0.12” is the standard deviation of the log of requirement (note
that one feature of log normal distributions is that their standard devia-
tion does not change when the units are changed); and

(3) “z(P)” is the value of the standardized normal distribution associ-
ated with P.

For example, the intake that is estimated to be adequate for 80 per-
cent of a healthy population is exp [0.12 × z(0.8) – 0.425] = exp [0.12 ×
0.84 – 0.425] = exp[–0.324] = 0.72 g protein/kg/d.

Based on the reference body weights of 70 kg for men and 57 kg for
women from Table 1-1, the RDA for protein is 56 g/d for men and 46 g/d
for women ages 19 through 50 years.

Because the distribution of individual requirements for protein is log
normal, and thus skewed, the calculated standard deviation and coeffi-
cient of variation of requirement itself does not have the usual intuitive
meaning (that the mean plus two standard deviations exceeds all but about
2.5 percent of the population’s requirement).  However, because this skew-
ing is not extreme, an approximate standard deviation can be calculated
as half the distance from the 16th to the 84th percentile of the protein
requirement distribution as estimated from the log normal distribution of
requirements. This gives a value of 12.5 mg nitrogen/kg/d (CV = 12 per-
cent) which can be used to estimate the RDA’s of other age groups and for
individual amino acids where fewer data from the following formula:
RDA = EAR + 2 CV, or RDA = 1.24 × EAR.

RDA for Men
19–30 years 0.80 g/kg/d or 56 g/d of protein
31–50 years 0.80 g/kg/d or 56 g/d of protein

RDA for Women
19–30 years 0.80 g/kg/d or 46 g/d of protein
31–50 years 0.80 g/kg/d or 46 g/d of protein
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TABLE 10-14 Nitrogen Balance Studies in Older Individuals

Protein Intake
Reference Study Population Levels (g/kg/d)

Cheng et al., 1978 7 men, 60–73 y 0.40, 0.80, 1.60

Uauy et al., 1978 7 men, 0.57, 0.70, 0.85
7 women 0.52, 0.65, 0.80

Zanni et al., 1979 6 men, 63–77 y 0.38, 0.44

Gersovitz et al., 1982 7 men, 70–82 y 0.80
8 women, 71–99 y 0.80

Campbell et al., 1994 8 men, 56–68 y 0.80, 1.62
4 women, 66–80 y 0.80, 1.62

Castaneda et al., 1995b 12 women, 66–79 y 0.45, 0.92

a Estimates of average requirements derived from studies on elderly adults by the origi-
nal authors and in subsequent reanalyses by Millward et al. (1997) and Campbell et al.
(1994).

Adults Ages 51 Years and Older

Evidence Considered in Estimating the Average Requirement

In the meta-analysis described in Table 10-12 and used as the basis to
determine adult protein requirements (Rand et al., 2003), there were six
studies to assess the protein requirement of individuals aged 51 years and
older. These have been analyzed and evaluated in various publications
(Campbell and Evans, 1996; Campbell et al., 1994; Millward and Roberts,
1996; Millward et al., 1997). Table 10-14 shows the value for the EAR
derived by the original authors, plus the values obtained in the reassess-
ments of the original data by Campbell’s group in 1994 and Millward’s
group in 1997. The variability among the derived values, and the changes
due to reassessment, are the result of the many inadequacies in the origi-
nal data, which are described below.

Only the study of Cheng and coworkers (1978) involved a direct com-
parison of old with young adults; however, the authors made no assess-
ment of the miscellaneous nitrogen losses and were not able to show any
clear difference in the requirement of older and younger adults. In inter-
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Average Requirement (g protein/kg/d)a

as calculated by:

Energy Intake Campbell et al. Millward et al.
(kcal/kg/d)b Authors (1994) (1997)

40 (constant) 0.77 0.93 > 0.4

32 0.70–0.85 0.81 ≤ 0.57
28 (varied) 0.83 0.81 Uncertain

31 (varied) 0.46 0.65 Uncertain

32 > 0.8 — < 0.8
29 (varied)

32 1.0 1.0 < 0.8
29 (varied)

32 (varied) 0.78–0.82 — < 0.92

b Energy intake was either held constant for duration of nitrogen balance period, or
varied to maintain body weight; varied levels are average intakes of group as reported by
authors.

preting the data of Cheng’s group, it was suggested that the energy intake
of the older Chilean men was too high, 40 kcal/kg/d, as it was the same as
that given to the younger men, who would be expected to have higher
energy expenditures (Campbell et al., 1994).

Dietary energy excess is believed to give rise to erroneously low esti-
mates of protein requirements (Garza et al., 1976, 1977a). However, the
energy requirements of the elderly have been shown to be higher than
previously believed (Roberts, 1996). Moreover, the urinary creatinine to
body weight ratio reported by Cheng and coworkers (1978) was the same
in the old (0.023 g/kg/d) as in the young (0.022 g/kg/d) men, suggesting
that the two groups were of similar body composition. This is in contrast to
studies in the United States where lower creatinine to body weight ratios
were observed in the older adults (0.014 to 0.018 g/kg/d) (Campbell et
al., 1994; Uauy et al., 1978; Zanni et al., 1979).

The study of nitrogen balance by Zanni and coworkers (1979) sug-
gested that the average amount of protein intake required to maintain
nitrogen balance in older adults was very low (0.46 g/kg/d). This study
was performed under almost the same conditions as those used with
younger adults in an earlier study from the same laboratory (Calloway and
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Margen, 1971) and demonstrated that the amount of protein needed by
older adults (0.46 g/kg/d) was quite similar per kg of body weight com-
pared to the younger adults (0.42 g/kg/d). Since the two different diets
studied were relatively low in protein (0.38 and 0.44 g/kg/d), Millward
and coworkers (1997) suggested that these low protein intakes led to an
underestimate of the requirement. Moreover, since the adults were on a
protein-free diet for 17 days preceding the two low-protein diets (each fed
in random order for 15 days), this could have resulted in significant protein
depletion, probably leading to a further underestimate of requirement.
On the other hand, the study of Uauy and coworkers (1978) employed
energy intakes (30 kcal/kg/d) that may have been too low, suggesting that
their estimate of requirement (~0.8 g/kg/d) might have been an over-
estimate (Millward et al., 1997). It can be seen from Table 10-14 that the
reanalysis by Campbell and coworkers (1994) led to overall higher estimates
of the requirements of older adults than the original authors, whereas the
reanalysis by Millward’s group (1997) led to lower estimates.

In studies designed to evaluate the adequacy of diets containing
0.8 g/kg/d of protein (the 1973 FAO/WHO recommendation for a safe
level of intake of egg or milk protein in adults [FAO/WHO, 1973]), nitrogen
balance was measured in adults given single levels of protein for various
periods. Gersovitz and coworkers (1982) showed that almost 50 percent of
older men and women were in negative nitrogen balance at this level after
30 days. Similar results were obtained by Campbell and coworkers (1994)
in individuals given 0.8 g/kg/d of protein for 11 days, whereas Castaneda
and coworkers (1995a) found that the majority of older women were
in positive nitrogen balance after 3 and 9 weeks on a diet containing
0.92 g/kg/d of protein.

On the basis of these data and reanalysis of the original data from the
studies discussed above, it was suggested that the estimated requirement
should be increased (Campbell and Evans, 1996), although Millward and
coworkers (1997) were not in agreement with this conclusion. More recent
data have shown that elderly adults given 0.8 g/kg/d of protein were in
nitrogen balance after 2 weeks, and in positive balance after 8 and 14
weeks (Campbell et al., 2001). However, the thigh muscle area was signifi-
cantly reduced after 14 weeks compared with 2 weeks, although there were
no changes in any other measured indices of body protein composition.

In order to address these problems of interpretation of the relevant
literature, the meta-analysis evaluated the data from the studies on elderly
adults compared with those from the studies used to evaluate the require-
ment in younger individuals (Rand et al., 2003). All the data from studies
of nitrogen balance in the older adults were included in the regression
procedure employed to determine the protein requirement of adults 19 to
50 years of age, and no significant effect of age in terms of the amount of
protein required per kilogram of body weight was detected (Table 10-13).
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Protein EAR Summary, Ages 51 Years and Older

In summary, no significant effect of age on protein requirement in
older adults was detected using the linear regression model by Rand and
coworkers (2003) when evaluated in terms of amount needed per kg of
body weight, recognizing that lean body mass as a percent of body weight
and the protein content of the body both decrease with age. Therefore,
for older adults, no additional protein allowance based on body weight
beyond that of younger adults is warranted.

EAR for Men
51–70 years 0.66 g/kg/d of protein
> 70 years 0.66 g/kg/d of protein

EAR for Women
51–70 years 0.66 g/kg/d of protein
> 70 years 0.66 g/kg/d of protein

Protein RDA Summary, Ages 51 Years and Older

As with younger adults, because the distribution of individual require-
ments for protein is not a normal distribution and is skewed, its calculated
standard deviation and coefficient of variation do not have the usual intui-
tive meaning (the mean plus two standard deviations exceeding all but
about 2.5 percent of the population’s requirement). However, an approxi-
mate standard deviation can be calculated as half of the distance from the
16th to the 84th percentiles of the protein requirement distribution as
estimated from the log normal distribution of requirements. This gives,
for comparative purposes, an approximate standard deviation of 12.5 mg
N/kg/d (CV = 12 percent). It can thus be assumed as with younger adults
percent that the RDA = EAR + 2 CV for protein and individual amino acids,
or RDA = 1.24 × EAR. The calculated RDA is rounded to the nearest 0.05.

RDA for Men
51–70 years 0.80 g/kg/d or 56 g/d of protein
> 70 years 0.80 g/kg/d or 56 g/d of protein

RDA for Women
51–70 years 0.80 g/kg/d or 46 g/d of protein
> 70 years 0.80 g/kg/d or 46 g/d of protein
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Pregnancy

Physiological Adaptations to Protein Metabolism During Pregnancy

Whole body protein turnover, measured by leucine kinetics, is
increased in pregnant women at weeks 24 and 35 compared with pregnant
women at 13 weeks or with nonpregnant women (Thompson and Halliday,
1992). Similar observations of increased whole body protein turnover dur-
ing pregnancy have been made using 15N lysine as a tracer (Kalhan and
Devapatla, 1999). A significant reduction in urea synthesis has been shown
to occur in the first trimester and is sustained throughout pregnancy
(Kalhan et al., 1998). There is general agreement that the amount of
nitrogen accreted due to a pregnancy involving 12.5 kg of maternal weight
gain (which includes a term infant weighing 3.3 kg) is 148 g (equivalent to
925 g protein if using a conversion factor of 6.25) (Hytten and Leitch,
1971; King, 1975). This amount of protein accumulation is predicted by a
summation of the protein components of the fetus (440 g), uterus (166 g),
expanded maternal blood volume (81 g), placenta (100 g), extracellular
fluid (135 g), and amniotic fluid (3 g) (IOM, 1990). There is also evidence
from both nitrogen balance studies and whole body potassium counting
that there are additional maternal protein-containing tissues that accumu-
late during pregnancy and are presumed to be in skeletal muscle (Kalhan,
2000; King, 1975; King et al., 1973).

Evidence Considered in Estimating the Average Requirement

Nitrogen and Potassium Balance. King and coworkers (1973) studied 10
adolescent women aged 15 to 19 years during the last trimester of preg-
nancy. Since all but one of the individuals were more than 4 years beyond
menarche, the authors excluded consideration of maternal height growth.
Nitrogen retention was linearly related to protein intake when five different
nitrogen levels (9.3 to 20.0 g of N/d [58 to 125 g of protein/d]) were fed for
12-day periods, and the slope of the relationship was 0.3 (r = 0.68, p < 0.001).
The average nitrogen retention (corrected for skin and miscellaneous
nitrogen losses) was 2.4 g/d.

Nitrogen balance studies in pregnant women that account for skin
and miscellaneous losses have shown that nitrogen retention during all
periods of pregnancy is double the theoretical factorial gain (Calloway,
1974; King, 1975; King et al., 1973) and as noted previously (see “Nitrogen
Balance Methods”), at high nitrogen intakes erroneous positive nitrogen
balances have frequently been obtained.
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TABLE 10-15 Total Body Potassium Content During Pregnancy

Total Body n × Total Body Average Protein
Potassium Potassium Deposition

Reference n (mmol/d) (mmol/d) (g/d)a

MacGillivray and 6 3.22 19.3 9.4
Buchanan, 1958

King et al., 1973 10 3.41 34.1 9.9

Emerson et al., 1975 5 3.43 17.2 10.0

Pipe et al., 1979 27 1.78 48.1 5.2

Forbes, 1987 50 2.64 132 7.7

Forsum et al., 1988 22 2.13 48.9 6.2

Total 120 297.9

Mean 2.48b 7.2

a Protein deposition = Total potassium accumulated (mmol/d) ÷ 2.15 (mmol
potassium/g nitrogen) × 6.25.
b Mean total body potassium calculated as the sum of column 3 divided by the total
number of cases (298 ÷ 120) = 2.48).

The rate of protein accretion has also been calculated indirectly from
the increase in whole body potassium. The average potassium deposition,
measured by total body 40potassium counts, was 3.41 mmol/d in the ado-
lescent girls (King et al., 1973), but a review of the literature suggests that
this value may be too high. The results of measurements of total body
potassium during pregnancy from the study of King’s group (1973) and
five other reports are shown in Table 10-15, and yield a weighted mean
value of 2.48 mmol/d from 120 individuals, most of whom were in their
third trimester of pregnancy. To calculate nitrogen deposition, King and
coworkers (1973) used the potassium/nitrogen ratio of 2.15 mmol of
potassium/g of nitrogen as determined by carcass analysis of 21 whole
human infants (Fee and Weil, 1963; Hamilton and Moriarty, 1929; Iob and
Swanson, 1934; Widdowson and Dickerson, 1964). Using this ratio, the
accumulation of 2.48 mmol/d of potassium is equivalent to a nitrogen
deposition of 1.16 g/d (2.48 mmol of potassium/2.15 mmol of potassium/g
of nitrogen/d) or 7.2 g protein/d using the factor of 6.25 g of protein/g
of nitrogen. This estimates the average amount of protein deposited dur-
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ing the third trimester of pregnancy at a total of approximately 670 g of
protein.

Calculation of the amount of dietary protein needed for a deposition
of 7.2 g of protein/d during the third trimester of pregnancy requires a
value for the efficiency of utilization of dietary protein. This was reported
as being about 30 percent in a group of adolescent women in the third
trimester of pregnancy (King et al., 1973). Closer review of the data indi-
cates that for those six adolescents who demonstrated a positive efficiency
at multiple levels of protein intake, the mean of the slope of the positive
nitrogen balances was 0.43 ± 0.21 (median = 0.44). Compared with the
slope for maintenance of adults of 0.47, which was calculated from a much
larger data set (see “Adults Ages 19 Through 50 Years”), it is possible that
the paucity of the data for both infants and during pregnancy has obscured
the true rate of efficiency of deposition. While other physiological changes
occurring in pregnancy appear to enhance nutrient utilization during
periods of increased need (e.g., calcium absorption), it would be surpris-
ing to find that efficiency of protein utilization during pregnancy is dimin-
ished over that of other life stages. However, to ensure adequate intakes,
0.43 was chosen to use based on the six women studied. As calculated in
Table 10-16, the average protein deposition was converted to the amount
of intake needed to provide this level: 7.2 ÷ 0.43 = 16.7 g of protein/d for
accretion during the third trimester.

The protein needed to maintain the new tissue accreted during preg-
nancy must also be added. The increase of body weight during a full-term
pregnancy averages approximately 16 kg, which is the median weight gain
of 4,218 women who had good pregnancy outcomes (Carmichael et al.,
1997). Weight gain during pregnancy is made up of both additional fat
and new lean tissue (including fetus, amniotic fluid, increased plasma
volume, etc.), which has been estimated at 91 percent water (van Raaij et
al., 1988), compared with the expected 73 percent of water in general
nonpregnant lean tissue. The incremental weight gain at the 50th percen-
tile for normal weight individuals with good pregnancy outcomes at the
end of the first trimester is 2.2 kg; for the second trimester, 7.3 kg; and for
the third trimester, 6.5 kg, which totals 16 kg (Carmichael et al., 1997).

The amount of protein to support additional tissue is calculated in
Table 10-16 using a factor of 0.66 g/kg of body weight, the EAR for pro-
tein for adults. While it is recognized that pregnancy lean tissue contains a
greater amount of water, correction for assumed differences in body com-
position have not been made given the lack of actual data delineating
protein maintenance needs in pregnant women. This results in an average
total additional need for protein during the last two trimesters of preg-
nancy of about 21 g/d over prepregnancy requirements.
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Outcome of Food Supplementation Trials. Burke and coworkers (1943)
conducted an observational study of 216 mothers giving birth to single
infants in Boston and found a significant correlation between average daily
protein intake and birth length and birth weight. They concluded that for
practical purposes, a protein intake less than 75 g/d was associated with an
infant who would be short and light in weight. Studies from the Montreal
Diet Dispensary have also shown a relationship between maternal protein-
energy intake and birth weight (Higgins, 1976). This study involved 1,736
low-income pregnant women, 20 years of age or more, whose average
maternal protein and energy intakes at various stages of pregnancy were
68 g and 2,249 kcal/d during pregnancy, and were increased to an average
of 101 g of protein and 2,778 kcal/d by supplementing the mothers with
whole milk and eggs during a subsequent pregnancy. Birth weights were
significantly higher for siblings with supplemented mothers compared with
their older siblings born to the same mothers when they did not receive
the supplementary milk and eggs. These data support the value increased
intake of foods high in protein and energy during pregnancy and the
additional requirements outlined above.

Adolescent Pregnancy. It is well established that both the mother’s pre-
pregnant weight and weight gain during pregnancy are correlated with
the birth weight of the infant (Higgins, 1976; IOM, 1990; Wynn and Wynn,
1979). The problem of adolescent pregnancy is that the mother may still
be completing her growth (Frisancho et al., 1983; Hediger et al., 1990;
Scholl et al., 1990, 1994). In those pregnancies in which the mother’s
growth is not yet completed, it appears that there is competition between
maternal and fetal growth needs (Hediger et al., 1990; Scholl et al., 1990,
1994).

The Montreal Diet Dispensary studied the effect of supplementing
1,203 low-income pregnant adolescents with whole milk and eggs and
compared them with 1,203 pregnant adolescents who did not receive the
additional milk and eggs in their diets (Dubois et al., 1997). The adoles-
cents in the intervention group increased their protein intake from 73 g/d
to approximately 125 g/d in addition to significantly increasing their
energy intake. Participation in the intervention resulted in significantly
increased mean birth weights and reduced the rate of low birth weights by
39 percent (p < 0.001) in adolescent girls, which again is attributed to the
increased consumption of foods rich in protein and energy.

Protein EAR Summary, Pregnancy

Based upon the nitrogen balance study of King and coworkers (1973)
and the estimated average protein deposition during pregnancy based on
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potassium retention in six studies (Table 10-15), the average requirement
for additional protein needed for adult pregnant women at the end of the
trimester during pregnancy in adult women is calculated and given in
Table 10-16. It is composed of two components: the amount needed to
maintain the new pregnant tissue and the amount needed for initial depo-
sition. The amount of protein deposition is corrected for the efficiency of
protein deposition (using the estimate from the slope of 0.43 from the
King and coworkers study [1973], recalculated as described above). Since
little weight gain occurs during the first trimester, it is assumed that
roughly one-third of the total increase in protein deposition during
the 40 weeks of pregnancy (~ 925 g) occurs during the second trimester,
with two-thirds occurring during the third trimester.

As described above, by the end of the third trimester, ~17 g/d is
needed to allow for adequate protein deposition; it can be assumed that
roughly half that amount is needed for growth during the second trimester,
or 8 g/d (Table 10-16). Given the small amount of protein accretion
expected to occur during the first trimester (as demonstrated by Thompson
and Halliday [1992] in protein turnover studies during each trimester),
the need for additional protein is rather low at this stage. Thus no addi-
tional increase in protein requirements is estimated for the first trimester.
Averaging the overall protein needs over the last two trimesters of preg-
nancy, the EAR is set at 21 g/d above protein needs at the prepregnancy
weight. Since this figure includes the protein needs for the additional
tissue deposited, when calculating the amount needed per kilogram of
body weight to use with pregnant women, only the amount needed for
protein deposition is considered. Thus the increased amount on a body-
weight basis is +12.6 g of protein/d ÷ 57 kg (reference woman) = +0.22 g
of protein/kg/d. This is added to the factor for nonpregnant women of 0.66
g of protein/kg/d, and results in an EAR of 0.88 g of protein/kg/d.

Pregnant individuals who were studied ranged from 15 to 19 years of
age (King et al., 1973); however, they were considered mature and physi-
ologically similar to adults, as all but one of the ten young women was 4 to
7 years post-menarche. For adolescents, the additional need for protein
during the second and third trimesters is assumed to be the same as for
adult women.

EAR for Pregnancy
All age groups 0.88 g/kg/d of protein or +21 g/d

of additional protein
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Protein RDA Summary, Pregnancy

The protein RDA for pregnancy is in addition to the RDA for the
nonpregnant woman, which is based on an estimated CV of about 12 per-
cent (see “Protein RDA Summary, Adults 19 Years and Older”). Data for
the variability of protein deposition in the fetus and mother was not avail-
able. The RDA is thus equal to the EAR + 24 percent. Thus the 1.24 multi-
plied by the EAR of +21 g protein/d = 26 g; rounded to the nearest 5 g/d,
the RDA = +25 g/d.

Again, in considering the amount needed per kilogram of body weight,
only that due to protein deposition is considered. The increase in the RDA
is thus +12.6 g/d × 1.24 ÷ 57 kg (reference woman) = +0.27 g protein/kg/
d. This is added to the factor for the RDA for non-pregnant women of 0.8
g protein/kg/d = 1.1 g protein/kg/d.

RDA for Pregnancy
All age groups 1.1 g/kg/d of protein or +25 g/d

of additional protein

Special Considerations

It is well recognized that multiparous pregnancies are associated with
a marked increase in low birth weight and perinatal mortality (Hays and
Smeltzer, 1986). Thus, it is logical to assume that a woman supporting the
growth of twins has higher protein needs than a woman having a singleton
birth. In a study in which the mothers of twins received nutritional inter-
vention (target supplementation was an additional 50 g of protein/d and
1,000 kcal/d) from the 20th week, pregnancy outcome was improved, with
a decrease in the low birth weight rate by 25 percent and the very low birth
weight rate by 50 percent (Dubois et al., 1991). Although this study did
not measure the dietary protein or energy intake of the women bearing
twins, they gained 2 kg more than the controls. No study could be found
that investigated dietary protein intervention in twin pregnancy. On the
basis of these data, it seems prudent to provide women carrying twins with
protein intakes of an additional 50 g/d beginning in the second trimester,
along with sufficient energy to utilize the protein as efficiently as possible.

Lactation

Evidence Considered in Estimating the Average Requirement

The literature on the relationship between nutritional status and lacta-
tion performance is not extensive and suggests that most lactating women,
even those who are undernourished with chronically low body mass index,
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establish adequate lactation (Prentice et al., 1994). While it appears that
the concentration of protein in human milk is not influenced by diet or
body composition even in undernourished mothers (Lönnerdal 1986),
protein intakes of 1 g/kg of body weight/d promoted the conservation of
skeletal muscle in order to maintain good milk production in lactating
mothers (Motil et al., 1996). Lactating women with these protein intakes
appear to adapt by down-regulating protein metabolism (Motil et al.,
1996).

The factorial approach is utilized for determining the protein require-
ment during lactation. In this approach, it is assumed that the process of
lactation does not alter the maintenance protein requirement of the
nonlactating woman and that the protein and amino acid requirements
are increased in proportion to milk production. It is important to empha-
size that human milk is characterized by a relatively high concentration of
nonprotein nitrogenous substances, which contribute approximately 20 to
27 percent of total milk nitrogen (Butte et al., 1984a, 1984b; Dewey et al.,
1996). The quantitatively important component of this fraction of milk is
urea. Whether this merely reflects a diversion of urea loss from urine (plus
some colonic fermentation) to milk is not known, but in the calculations it
is assumed that part of the increased nitrogen needs of the lactating
woman will of necessity be derived from her dietary protein. The factor of
6.25, the figure that is utilized to convert nitrogen to protein, was used to
convert nonprotein nitrogenous substances to protein.

The additional protein requirement for lactation therefore is defined
as the output of total protein and nonprotein nitrogen in milk. Data on
the output of protein in human milk are summarized in Table 10-17. This
table shows the factorial estimate of the increase in protein requirement
associated with lactation and assumes that the incremental efficiency of
nitrogen utilization of 0.47 in adults (Table 10-12) and in adolescents
(data on the efficiency of nitrogen utilization are not available in this age
group) is the same as that noted for the restoration of nitrogen equilib-
rium in nonlactating women and adolescents. It is assumed that the cost of
making protein for maintenance requirements is the same as that for
growth and lactation. Whether this assumption is valid is not known.

Protein EAR Summary, Lactation

To estimate the increase in the EAR for lactation, the average protein
equivalent of human milk nitrogen output during the first six months of
lactation was divided by the average incremental efficiency of dietary pro-
tein utilization (0.47 for lactating mothers 19 years of age and older
[Table 10-12] and 0.47 for mothers 14 through 18 years of age because
data were not available in this age group). The values shown in Table 10-17
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4Due to a calculation error in the prepublication copy, the value is changed
from 1.1 g/kg/d to 1.3 g/kg/d.

for the various months of lactation were then averaged to set the amount
by which the EAR for nonlactating girls or women should be increased.
The result was +21.2 g/d. When the absolute increase was converted to
weight-specific intakes by using the reference weights of adolescent girls
14 to 18 years (54 kg) and adult women 19 to 50 years (57 kg) from
Chapter 1 (Table 1-1), the numbers were quite close, so the highest value
(that for the 14- to 18-year-old category) is provided as the overall recom-
mendation. Adding the average requirement for additional protein needed
is calculated as +21.2 ÷ 54 kg (reference weight) = +0.39 g of protein/kg/
d. This is added to the recommendation for nonpregnant women of 0.66 g
of protein/kg/d to obtain 1.05 g of protein/kg/d.

EAR for Lactation
All age groups 1.05 g/kg/d of protein or +21 g/d

of additional protein

Protein RDA Summary, Lactation

The RDA for protein for lactation is set by assuming a CV of 12 per-
cent used for total protein in nonlactating women (see “Protein RDA
Summary, Ages 19 Years through 50 Years”). Again, given the closeness of
the values, one value is recommended for all age groups. The recommen-
dations are rounded to the nearest +5 g/d and +0.05 g/kg/d of additional
protein.

The RDA is thus equal to the EAR plus 24 percent. So, 1.24 multiplied
by the EAR of + 21 g of protein/d =  +26 g; rounded to the nearest 5 g/d,
the RDA = +25 g/d.

Again, in considering the amount needed per kg of body weight, the
increase in the RDA is calculated as the EAR of +21 g/d × 1.24 ÷ 54 kg
(reference weight) = +0.48 g of protein/kg/d. This is added to the factor
for the RDA for nonpregnant women of 0.8 g of protein/kg/d = 1.3 g of
protein/kg/d (rounded to nearest 0.1g).

RDA for Lactation
All age groups 1.3 g/kg/d of protein or +25 g/d

of additional protein4
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Special Considerations

Physical Activity

Although there have been few studies of the requirement for protein
by individuals undertaking high levels of physical exercise, it is commonly
believed by athletes that a higher than normal protein intake is required
to maintain optimum physical performance (Lemon, 1996). Whether or
not this is true has significance not only for athletes, but also for those with
muscle wasting who wish to preserve muscle mass by training, such as
elderly or immobile adults, or those suffering from muscle-wasting dis-
eases. The available literature includes studies of both resistance (body-
building) and endurance training.

Endurance Training. Endurance training does not result in muscle
building, which would increase muscle protein deposition, but it is well
recognized that endurance exercise is accompanied by an increase in the
oxidation of branched chain amino acids (Lemon et al., 1982, 1985;
Rennie et al., 1981; Wagenmakers, 1998; White and Brooks, 1981), which
has been suggested to imply an increased need for dietary protein (Lemon,
1996). However, these were acute studies performed around the time of
the exercise itself, and did not take into account the remaining part of the
day. An examination of leucine oxidation over a 24-hour period, including
exercise during each of the fed and fasting periods, showed that the increase
in oxidation, although statistically significant, was small in relation to the
total daily amount of oxidation (4 to 7 percent) (El-Khoury et al., 1997).
Moreover, the increase in leucine oxidation was proportionally similar with
diets containing 1 or 2.5 g/kg/d fed over 7 days prior to the measurement
of oxidation during exercise on day 7 (Forslund et al., 1998). Neither
leucine nor nitrogen balance was significantly negative, suggesting that
the exercise did not compromise body protein homeostasis at either level
of protein intake. Although no control group without exercise was studied,
the results were similar to those reported previously from individuals at an
intake of 1 g/kg/d of protein undergoing the same experimental proce-
dures without exercise (El-Khoury et al., 1994b). Similarly, a study designed
to determine the protein requirement of endurance-trained men led to an
average requirement estimate in young and older men of 0.94 g/kg/d
(Meredith et al., 1989). This value is higher than that derived from the
meta-analysis of data from nonexercising individuals (see “Protein EAR
Summary, Ages 19 Through 50 Years”). However, as no controls without
exercise were included in the study, it is not possible to conclude that the
exercise led to a higher protein requirement.



PROTEIN AND AMINO ACIDS 661

Resistance Training. The effects of resistance training on nitrogen bal-
ance have been investigated in older adults (8 men and 4 women, aged 56
to 80 years) at one of two levels of protein intake, 0.8 or 1.6 g/kg/d
(Campbell et al., 1995). Before training began, the mean corrected nitro-
gen balance was not significantly different from zero in the three men and
three women receiving the lower protein intake, and was positive in the
five men and one woman receiving the higher intake, suggesting a require-
ment about 0.8 g/kg/d. However, after 12 weeks of resistance training,
nitrogen balance became more positive by a similar amount at the two
intakes, which the authors suggested was the result of an increased effi-
ciency of protein retention that was more pronounced in those on the
lower protein diet as a percent of protein intake. In particular, the improve-
ment in nitrogen balance was independent of the protein intake. However,
various aspects of body composition, as well as mid-thigh composition and
areas of Type I and II muscle fibers, did not change with resistance train-
ing, making the increase in nitrogen retention difficult to interpret.

A similar study was performed by Lemon and coworkers (1992), which
compared protein intakes of 1.35 and 2.62 g/kg/d during the first 12 weeks
of resistance training in young male strength athletes. Linear interpolation
of the nitrogen balances (–3.4 and +8.9 g/d) suggested a protein require-
ment of 1.4 to 1.5 g/kg/d. However, this estimate of requirement cannot
be taken as realistic, because the positive nitrogen balance of 8.9 g/d
would correspond to an increase of lean tissue of about 300 g/d. Measure-
ments of body composition showed no changes in lean body mass, creatinine
excretion, or biceps muscle nitrogen content in either dietary group. In
addition, although there were increases in some measurements of strength,
there was no effect attributable to diet. Therefore, the available data do
not support the conclusion that the protein requirement for resistance
training individuals is greater than that of nonexercising subjects.

Summary. In view of the lack of compelling evidence to the contrary,
no additional dietary protein is suggested for healthy adults undertaking
resistance or endurance exercise.

Vegetarians

In North America, plant proteins (e.g., those found in cereals, pulses,
nuts, starchy roots, vegetables, fruits) account for only about 65 percent of
the available food protein per capita (FAO/Agrostat, 1991). Individuals
who restrict their diet to plant foods may be at risk of not getting adequate
amounts of certain indispensable amino acids because the concentration
of lysine, sulfur amino acids, and threonine are sometimes lower in plant
food proteins than in animal food proteins (FAO/WHO/UNU, 1985).
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However, vegetarian diets that include complementary mixtures of plant
proteins can provide the same quality of protein (see “Protein Quality”) as
that from animal proteins (Young and Pellett, 1994). Plant proteins are
generally less digestible than animal proteins; however, digestibility can be
altered through processing and preparation. Therefore, consuming a
varied diet ensures an adequate intake of protein for vegetarians.

Adult vegetarians consume less protein in their diet than non-
vegetarians (Alexander et al., 1994; Ball and Bartlett, 1999; Barr and
Broughton, 2000; Haddad et al., 1999; Janelle and Barr, 1995). However,
only one of these studies indicated that total protein intakes of 10 of the
25 vegan women were potentially inadequate (Haddad et al., 1999). As was
shown in Table 10-13, the nitrogen requirement for adults based on high-
quality plant food proteins as determined by regression analysis was not
significantly different than the requirement based on animal protein or
protein from a mixed diet. In conclusion, available evidence does not
support recommending a separate protein requirement for vegetarians
who consume complementary mixtures of plant proteins.

FINDINGS BY LIFE STAGE AND GENDER GROUP FOR
INDISPENSABLE AMINO ACIDS

The original technique used to determine amino acid requirements in
individuals studied with graded levels of intake of the test amino acid was
nitrogen balance (see “Nitrogen Balance Method”). Several new methods
have been developed and applied in the last few decades. However,
nitrogen balance could not be applied to histidine since individuals take
56 days or more to go into negative nitrogen balance on a low histidine or
histidine-free diet (Cho et al., 1984), and there haven’t been any useful
studies on isoleucine, using either nitrogen balance or any of the newer
methods.

The amino acid requirements thus developed are used as the basis for
recommended protein scoring patterns discussed in a subsequent section.

Infants Ages 0 Through 6 Months

Method Used to Estimate the Adequate Intake

Human milk is recognized as the optimal source of nutrients for
infants throughout at least the first year of life and is recommended as the
sole nutritional source for infants during the first 4 to 6 months of life
(IOM, 1991). Further, there are no reports of healthy full-term infants
exclusively and freely fed human milk who manifest any sign of amino acid
or protein deficiency (Heinig et al., 1993). Therefore, determination of
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the adequate intake (AI) for amino acids for infants is based on data from
infants fed human milk as the principal source of nutrients during the
periods 0 through 6 months of age. The AI is set for ages 0 through 6 months
at the mean value of each indispensable amino acid calculated from studies
in which the intake of human milk was measured by test weighing volume,
and the average concentration of the amino acid in human milk was deter-
mined using average values from several reported studies.

Four recent studies on the indispensable amino acid composition of
human milk and their mean are shown in Table 10-18. The indispensable
amino acid intake on a mg/L basis was calculated from the mean of the
amino acid composition of mixed human milk proteins expressed as
mg amino acid/g protein (Table 10-18) times the average protein content
of human milk of 11.9 g/L from mothers whose infants were 0 through
6 months as assessed by Butte and coworkers (1984a), Dewey and Lönnerdal
(1983), Dewey and coworkers (1984), and Nommsen and coworkers (1991)
and is in the range of protein content reported in other studies in
Table 10-7.

Indispensable Amino Acids AI Summary, Ages 0 Through 6 Months

The AI for infants 0 through 6 months of age is based on the average
volume of milk intake of 0.78 L/d (Allen et al., 1991; Heinig et al., 1993),
and the mean indispensable amino acid content of human milk
(Table 10-18). Multiplying the mean concentration of histidine (274 mg/L),
for example, by the average intake of human milk at 0 through 6 months,
the AI would be 274 g/L × 0.78 L/d = 214 mg/d. This process was repeated
for all the indispensable amino acids. As with the AI for protein, the AIs
(which remain essentially the same from 2 weeks to 6 months of age) were
converted to weight specific intakes by using the reference weight of 6 kg
from Table 1-1.

AI for Infants
0–6 months 214 mg/d or 36 mg/kg/d of histidine

529 mg/d or 88 mg/kg/d of isoleucine
938 mg/d or 156 mg/kg/d of leucine
640 mg/d or 107 mg/kg/d of lysine
353 mg/d or 59 mg/kg/d of methionine + cysteine
807 mg/d or 135 mg/kg/d of phenylalanine + tyrosine
436 mg/d or 73 mg/kg/d of threonine
167 mg/d or 28 mg/kg/d of tryptophan
519 mg/d or 87 mg/kg/d of valine
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Children Ages 7 Months Through 18 Years

Evidence Considered in Estimated the Average Requirement

Nitrogen Balance. The only data derived directly from experiments to
determine the indispensable amino acids requirements of children have
been obtained by studying nitrogen balance. Pineda and coworkers (1981)
conducted nitrogen balance studies in 42 Guatemalan children ranging in
age from 21 to 27 months. The children were considered to be in
nitrogen balance if all children retained nitrogen in the amount of at
least 16 mg/kg/d, the nitrogen requirement for growth in children in this
age range derived by FAO/WHO (1973) when given a diet lacking one
indispensable amino acid with all other indispensable amino acids at levels
considered to be adequate. Their mean amino acid estimates were reported
to be: lysine, 66 mg/kg/d; threonine, 37 to 53 mg/kg/d; tryptophan,
13 mg/kg/d; methionine + cysteine, 28 mg/kg/d; isoleucine, 32 mg/kg/d;
and valine, 39 mg/kg/d. Unfortunately, with the exception of lysine, no
estimates of variance were published.

TABLE 10-18 Amino Acid Content of Human Milk

Heine et al. Davis et al. Villalpando et al.
(1991) (1994)a (1998)a

Amino Acid (mg/g protein) (mg/g protein) (mg/g protein)

n Not given  6 70
Stage of Not given > 10 d ppd 4 or 6 mo pp

lactation

Histidine 23  23 ± 2 21± 2
Isoleucine 58  53 ± 3 64 ± 11
Leucine 101  104 ± 1 105 ± 11
Lysine 62  71 ± 6 79 ± 9
Methionine 18  16 ± 1 14 ± 3
Cysteine 17  20 ± 3 26 ± 3
Phenylalanine 44  37 ± 1 43 ± 15
Tyrosine 47  46 ± 2 58 ± 9
Threonine 46  44 ± 1 47 ± 5
Tryptophan 18     NDe 17 ± 2
Valine 60  51 ± 2 63 ± 8

a Mean ±  Standard Deviation.
b Mean ± Standard Error.
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Darragh and
Moughan
(1998)b Mean Meanc

(mg/g protein) (mg/g protein) (mg/L)

20
10–14 wk pp

24 ± 2 23 274
52 ± 4 57 678
94 ± 5 101 1,202
64 ± 4 69 821
14 ± 1 16 190
27 ± 3 22 262
38 ± 9 40 476
38 ± 2 47 559
50 ± 9 47 559
NDe 18 214
51 ± 5 56 666

c Mean (mg/g total protein) × 11.9 g protein/L of human milk.
d pp = Postpartum.
e ND = Not determined.

For older children, the only data are those published by Nakagawa
and coworkers in the 1960s (1961a, 1961b, 1962, 1963, 1964) on Japanese
boys 10 to 12 years of age. Although these data seem to be accurate as
there was uniformly negative nitrogen balance when the test amino acid
was at zero, the maximum rate of nitrogen retention found when the
amino acids were given in adequate quantities was 33 ± 14 mg/kg/d. This
is approximately 5-fold higher than that predicted for 11-year-old boys,
7.7 mg/kg/d, as calculated from estimates of the protein deposition for
boys this age (48 mg of protein/kg/d ÷ 6.25 mg of protein/mg of nitrogen,
from Table 10-9). Thus, it is likely that the values generated in this series
of studies are overestimates of the actual requirement. Similar problems of
interpreting nitrogen balance studies are apparent in the data for infants
aged 0 to 6 months from a number of detailed studies in which infants
were given multiple levels of amino acids (Pratt et al., 1955; Snyderman et
al., 1955, 1959a, 1959b, 1961a, 1961b, 1963, 1964a, 1964b;). With these
studies also, the measured nitrogen balance was higher than what would
be expected from the growth rates observed or estimated.

An attempt was made to reanalyze the data from these studies in order
to obtain estimates of the mean requirement and its interindividual vari-
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ance. Nonlinear regression analysis was used to fit the data for nitrogen
balance versus amino acid intake to various curves, such as exponential,
sigmoid, and bilinear crossover, in order to detect an approach to an
asymptote or a breakpoint that could be equated with a requirement. How-
ever, these attempts did not lead to interpretable results, which proved to
be too sensitive to the specific criteria employed to define the point on the
curve that would identify a requirement.

In view of the reservations expressed above, the data from nitrogen
balance studies in children were not utilized. Instead, the factorial approach
was employed for children from 7 months through 18 years of age.

Factorial Estimate. In view of the doubts about the accuracy of the
values generated by the empirical data, the factorial approach using data
for growth (and its amino acid composition) and maintenance was utilized
to determine requirements. In this model, the growth component was
estimated from estimates of the rate of protein deposition at different
ages (Table 10-9), the amino acid composition of whole body protein
(Table 10-19), and incremental efficiency of protein utilization as derived
from the studies in Table 10-8.

The obligatory need for protein deposition (growth) was calculated as
the product of the rate of protein deposition (Table 10-9) and the amino
acid composition of whole body protein (Table 10-19). This was then con-
verted to a dietary requirement for protein deposition by dividing the
need by the incremental efficiency of dietary protein utilization, which is
estimated by the average slope of the regression analyses evaluating the
protein requirement from studies done in children 7 months through

TABLE 10-19 Indispensable Amino Acid Composition of
Whole Body Protein

mg/g Protein ± 1 Standard Deviation
Amino Acid (from interspecies comparison)

Histidine 27 ± 2
Isoleucine 35 ± 3
Leucine 75 ± 2
Lysine 73 ± 3
Methionine + cysteine 35 ± 1
Phenylalanine + tyrosine 73 ± 4
Threonine 42 ± 3
Tryptophan 12 (no extensive data)
Valine 49 ± 4

SOURCE: Davis et al. (1994).
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13 years (0.58) from Table 10-8 and in children 14 through 18 years (0.47)
from Table 10-12.

It is also necessary to determine a maintenance amino acid require-
ment since by 7 months of age, the dietary requirement necessary to main-
tain the body in nitrogen equilibrium accounts for more than 50 percent
of the total indispensable amino acid requirement. This was determined
in three ways.

First, estimates of the amino acid requirements needed for mainte-
nance were calculated based on estimates of the obligatory nitrogen loss,
which is the total rate of loss of nitrogen by all routes (urine, feces, and
miscellaneous) in children receiving a protein-free or very low protein
intake. Assuming that each individual amino acid contributed to this loss
in proportion to its content in body protein, and that this represents the
minimal rate of loss for this amino acid, the amount of this amino acid
that must be given to replace the loss and achieve nitrogen balance is
taken as the maintenance requirement when corrected for the efficiency
of nitrogen utilization. Thus, the lysine requirement for maintenance for
children 7 months through 13 years of age is calculated by multiplying the
obligatory nitrogen loss of 57.4 mg/kg/d (mean intercept from Table 10-8),
which is equivalent to 359 mg of protein/kg/d (57.4 × 6.25), by the esti-
mate of the proportion of lysine in body protein of 0.073 (Table 10-19), to
yield a value for lysine of 26.2 mg/kg/d (i.e., 359 mg/kg/d × 0.073). Then
this is divided by the slope of the regression line of protein intake versus
nitrogen balance, which represents the efficiency protein utilization of
0.58 (Table 10-8) for children to yield a value of 45 mg/kg/d (i.e.,
26.2 mg/kg/d divided by 0.58) for the lysine maintenance requirement.
The calculated values for each indispensable amino acid are shown in
Table 10-20.

A second method for estimating maintenance requirements is to
assume that at nitrogen equilibrium, the relative requirement of each
indispensable amino acid is in proportion to its contribution to body
protein. Thus, the maintenance protein requirement of 688 mg/kg/d
(110 mg of N/kg/d for children through age 13 in Table 10-8 × 6.25) can
be converted into requirements for individual amino acids by multiplying
the maintenance protein requirement by the proportional contribution of
the amino acid to body protein (Table 10-19). This method is mathemati-
cally equivalent to the method described above, but because the values for
obligatory loss and maintenance protein requirement were taken from the
regression of protein intake against nitrogen balance, for statistical reasons
they give slightly different results, and both are given in the Table 10-20.

Since it was noted that the maintenance nitrogen requirement of
110 mg/kg/d (Table 10-8) does not vary with age in children, and the
value in children is very similar to that found for adults of 105 mg/kg/d
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(Table 10-12), the values for maintenance amino acid requirements were
taken to be independent of age in subsequent calculations. However, for
adults, who are by definition at maintenance, direct measurements of the
estimated average requirement (EAR) for each amino acid have been
determined (see “Adults Ages 19 Years and Older”), and are shown in
Table 10-20 for comparison with the factorially derived estimates. For all
amino acids for adults, the EAR as derived from direct measurements is
lower than the factorial approach by a factor of 1.3 to 2.0, depending on
the amino acid. This difference is predictable because of the imperfec-
tions in the factorial approach. It is likely that the obligatory loss of one
amino acid is higher than that for other amino acids in relation to their
content in body protein. If this loss cannot be reduced further under basal
conditions, then this amino acid will determine the obligatory loss for all
other amino acids, which can no longer be used for anabolic processes. In
theory, this “limiting” amino acid should be identified as having the lowest
ratio between the requirement estimates from maintenance and by direct
measurement, which is isoleucine in this report (Table 10-20). However,
this is the amino acid with no direct measurements of requirement, as the
adult EAR was estimated from its content in egg protein in relation to the
other branched chain amino acids.

The important conclusion from the above discussion is that the cal-
culation of the maintenance requirement in adults from the obligatory
nitrogen loss gives values in adults that are in general higher than the
measured values, and therefore appear to overestimate true maintenance.
Moreover, as the maintenance protein requirement is estimated to be the
same per kilogram of body weight in adults and children, it is reasonable
to conclude that the amino acid values for maintenance needs derived
from the obligatory nitrogen loss are likely to be overestimates in children
as well as in adults. Therefore, in the factorial calculations to estimate total
requirements for indispensable amino acid needs in children, the mainte-
nance requirements for the individual amino acids are those derived on a
weight basis from direct measurements or the EAR in adults (Table 10-20).

Indispensable Amino Acid EAR and RDA Summary, Ages 7 Months
Through 18 Years

To calculate a factorial estimate of the EAR for individual indispens-
able amino acids, the amino acid needs for growth or protein deposition
are first calculated as the product of the average rate of protein deposition
(Table 10-9) and the average amino acid composition of body protein
(Table 10-19). Thus, for a 9- through 12-month-old infant depositing on
average 242 mg of protein/kg/d (Table 10-9, average of 232 mg/kg/d for
girls and 252 mg/kg/d for boys), the obligatory need for lysine (amino



670 DIETARY REFERENCE INTAKES

acid deposition) is 242 × 0.073 (Table 10-19) = 17.7 mg/kg/d. This is then
divided by the partial efficiency of protein deposition (0.58 as shown in
Table 10-8 for children aged 7 months through 13 years and 0.47 for
children aged 14 through 18 years [see “Adolescents, Ages 14 Through
18 Years”]) to yield a value of 30 mg/kg/d for protein deposition. (The
same result would be achieved by multiplying the amino acid deposition
figure by 1.72 [reciprocal of 0.58] or 2.13 [reciprocal of 0.47] as indicated
in Table 10-21.)  This value is then added to the estimated maintenance
requirement, which is the same as the EAR in adults on a body weight basis
(31 mg/kg/d in Tables 10-20 and 10-21). This gives an EAR for the 9- through
12-month-old infant of 62 mg of lysine/kg/d. In the same way, the EARs
for each of the indispensable amino acids at different age groups were
calculated and the results are shown in Table 10-21.

The RDA for the indispensable amino acids for children is set by
determining the coefficients of variation for maintenance and for protein
deposition. Since the maintenance requirement in adults was utilized, the
estimate of the coefficient of variation in adults (12 percent) (see “Protein
RDA Summary, Ages 19 Through 50 Years”) was also utilized to determine
the RDA for maintenance requirements for children. A coefficient of varia-
tion of 43 percent for protein deposition was determined in the study of
Butte and coworkers (2000), and this varied little with age and gender.
Therefore, this value was used for variation in growth for all ages. Since
the RDA is defined as equal to the EAR plus twice the CV to cover the
needs of 97 to 98 percent of the individuals in the group, the protein RDA
is equal to the EAR + 2 × square root [(0.12 × Maintenance)2 + (0.43 × 1.72
for children 7 mo–13 y or 2.13 for children 14–18 y × Protein Deposition)2].
The RDAs for each indispensable amino acid for each age group are shown
in Table 10-21.

Adults Ages 19 Years and Older

Evidence Considered in Estimating the Average Requirement

Several different indicators have been used to determine indispensable
amino acid requirements, which include nitrogen balance (N-balance),
plasma amino acid concentrations, direct amino acid oxidation (DAAO),
24-hour amino acid balance (AAB), and indicator amino acid oxidation
(IAAO). An explanation of each of these indicators is found in the section,
“Selection of Indicators for Estimating the Requirement for Individual
Amino Acids.” In general, the latter three methods, which depend on
amino acid kinetic measurements, give higher values for amino acid
requirements than do the (classical) nitrogen balance studies.
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Resolution of a Controversy. All of the above five methods are based on
measuring a change in the particular endpoint in response to graded levels
of the test amino acid. A key observation regarding nitrogen balance as an
endpoint is that there is a curvilinear relationship between nitrogen balance
and test amino acid intake, so that nitrogen retention (nitrogen balance)
becomes less efficient as zero balance is approached (Figure 10-7) (Rand
and Young, 1999). Furthermore, the earlier work did not include miscella-
neous losses in their nitrogen balances. Finally, most studies did not
attempt to consider the effect of between-individual variance.

Only two studies were found in which several individuals were studied
at four or more different levels of intake of the test amino acid (Jones et
al., 1956; Reynolds et al., 1958). Rand and Young (1999) reanalyzed the
lysine data of Jones et al. (1956) using regression techniques and found
that curvilinear models best fit the data (Figure 10-7). They also examined
the effect of adding either 5 or 8 mg/kg/d of miscellaneous nitrogen
losses. Whereas Jones and coworkers (1956) had concluded, based on their
data, that the lysine requirement was 8 mg/kg/d, the reanalysis by Rand
and Young (1999) came to the conclusion that the lysine requirement was
in the range of 17 to 36 mg/kg/d, and that the data strongly support a
requirement of about 30 mg/kg/d. As shown in Table 10-22, this require-
ment approximates values derived from DAAO (Meredith et al., 1986), is
similar to values derived from 24-hour amino acid balances (Kurpad et al.,
2001a, 2002b), and is comparable to values derived from two IAAO studies
(Kriengsinyos et al., 2002; Zello et al., 1993).

It is important to note that in growing animals, nitrogen balance and
IAAO give comparable values (Zello et al., 1995) as do DAAO and IAAO.
All three approaches are based on different assumptions. The reanalysis of
the Jones et al. (1956) data by Rand and Young (1999) using nonlinear
regression and including miscellaneous losses, has closed the apparent
gap between nitrogen balance and the amino acid oxidation techniques.

Twenty-four Hour Amino Acid Balance. As shown in Table 10-22, 24-hour
amino acid balance studies have been completed for four amino acids:
leucine (El-Khoury et al., 1994a; Kurpad et al., 2001b), lysine (Kurpad et
al., 2001a, 2002a), phenylalanine + tyrosine (Basile-Filho et al., 1998), and
most recently threonine (Borgonha et al., 2002; Kurpad et al., 2002b). Of
the studies, lysine (Kurpad et al., 2001a, 2002a) and threonine (Borgonha
et al., 2002; Kurpad et al., 2002b) employed the 24-hour indicator balance
method. Furthermore, the initial 24-hour balance study for leucine (El-
Khoury et al., 1994b) also included measurement of urea production as
further support for the leucine requirement estimate obtained from DAAO
(Meguid et al., 1986a). Similarly, the 24-hour lysine balance data lend
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FIGURE 10-7 Relationship between nitrogen balance and test amino acid intake
using four different one-fit regression equations: linear (A), square root (B), log
(C), and exponential asymptotic (D), superimposed on the original data. Reprint-
ed, with permission, from Rand and Young (1999). Copyright 1999 by the Ameri-
can Society for Nutritional Sciences.

support to the lysine DAAO estimate (Kurpad et al., 2001a; Meredith et
al., 1986).

The 24-hour balance model is regarded as being the best from a
theoretical point of view, especially when performed with the indicator
approach. However, from a practical point of view, the 24-hour amino acid
balance studies are very labor intensive with the result that only three or
four levels of intake of the test amino acid have been studied for each of
leucine, lysine, phenylalanine + tyrosine, and threonine.

Direct Amino Acid Oxidation. The DAAO method has been utilized to
investigate six or seven amino acid levels, so it was possible to reanalyze
these data using two-phase linear crossover regression analysis and define
a breakpoint (which is regarded as the EAR). DAAO can only be used if
the carboxyl group of the test amino acid is released to the body bicarbonate
pool when the amino acid is committed to degradation. As shown in
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Table 10-22, DAAO studies of indispensable amino acid requirements are
limited to leucine (Meguid et al., 1986a), lysine (Meredith et al., 1986),
phenylalanine (Zello et al., 1990), and valine (Meguid et al., 1986b).
DAAO was also utilized to determine the threonine requirement (Zhao et
al., 1986). However there are theoretical concerns for this amino acid,

TABLE 10-22 Indispensable Amino Acid Studies in Adults

Estimated
Method Useda Average
(Number of Levels/ Requirement

Reference Amino Acid Number of Data Points) (mg/kg/d)

Meguid et al., 1986a Leucine DAAO reanalyzed (8/52) 24.5
El-Khoury et al., 1994a Leucine 24-h AAB (3/10) 38.3
Kurpad et al., 2001b Leucine 24-h AAB (4/40) 40

Meredith et al., 1986 Lysine DAAO reanalyzed (8/28) 26.6
Zello et al., 1993 Lysine IAAO (7/42) 36.9
Rand and Young, 1999 Lysine N-Balance reanalyzed 30

(8/53)
Kurpad et al., 2001a Lysine 24-h IAAB (4/32) 29
Kriengsinyos et al., Lysine IAAO (5/60) 35

2002
Kurpad et al., 2002a Lysine 24-h IAAB (4/36) 29

Reynolds et al., 1958 Methionine N-balance reanalyzed 20
+ cysteine (6/42)

Young et al., 1991 Methionine Methionine balance (1/5) 13
+ cysteine

Di Buono et al., 2001 Methionine IAAO (6/36) 12.6
+ cysteine

Zello et al., 1990 Phenylalanine DAAO (7/41) 9.1
Roberts et al., 2001 Tyrosine IAAO (7/42) 6.0

Phenylalanine 15.1
+ tyrosine

Basile-Filho et al., Phenylalanine 24-h AAB 39.0
1998 + tyrosine

Zhao et al., 1986 Threonine DAAO reanalyzed (7/33) 13.5
Wilson et al., 2000 Threonine IAAO (7/36) 19.0
Borgonha et al., 2002 Threonine 24-h IAAB (3/15) 15.0
Kurpad et al., 2002b Threonine 24-h IAAB (6/48) 15.0

Lazaris-Brunner et al., Tryptophan IAAO (8/36) 4.0
1998

Meguid et al., 1986b Valine DAAO reanalyzed (7/37) 19.2

a AAB = amino acid balance, DAAO = direct amino acid oxidation, IAAB = indicator
amino acid balance and oxidation, IAAO = indicator amino acid oxidation.
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since there are two pathways of degradation for threonine; the second
pathway, threonine dehydrogenase (TDG), ends in the label being
retained in glycine. In practical terms this may not be a serious error since
others have shown that the TDG pathway is a minor pathway in adults
(Darling et al., 2000).

Indicator Amino Acid Oxidation. IAAO has the advantage that the require-
ment of any amino acid can be determined, since either phenylalanine (in
the presence of an excess of tyrosine to ensure that there is no label
retention in the body tyrosine pools) or lysine can and have been used as
indicator amino acids in humans and in animals (Bross et al., 2000;
Brunton et al., 1998; Zello et al., 1995). A further strength of the IAAO
studies is that each adult was fed at six or seven levels of the test amino
acid, which has made it possible to define requirements for individuals by
two-phase, linear cross-over regression analysis (Brunton et al., 1998; Zello
et al., 1995). As shown in Table 10-22, IAAO estimates have been reported
for lysine (Kriengsinyos et al., 2002; Zello et al., 1993), methionine + cysteine
(Di Buono et al., 2001), tyrosine (Roberts et al., 2001), threonine (Wilson
et al., 2000), and tryptophan (Lazaris-Brunner et al., 1998).

As shown in Table 10-22, currently there are amino acid oxidation
estimates in which two-phase linear crossover regression analysis has been
performed for leucine (DAAO), lysine (both DAAO and IAAO), methionine
+ cysteine (IAAO), phenylalanine (DAAO), tyrosine (IAAO), threonine
(both DAAO and IAAO), tryptophan (IAAO), and valine (DAAO).

Other Indicators. Nonlinear regression was used on two sets of nitrogen
balance data as shown by Rand and Young (1999). The first was for lysine
in which the original data were in women, each of whom were studied at
two to five levels (Jones et al., 1956). This data set was reanalyzed using
nonlinear regression, including the addition of 5 or 8 mg of nitrogen/kg/d
as miscellaneous losses (Rand and Young, 1999), and these reanalyzed
data are included in Table 10-22. Using a similar approach, the data of
Reynolds and coworkers (1958) for methionine + cysteine were reanalyzed,
and these data are included in Table 10-22. The result is consistent with
the data of Zezulka and Calloway (1976a, 1976b), who studied the effect
on nitrogen balance of three levels of methionine added to soy protein at
a constant and adequate level of total nitrogen. Since there are no direct
estimates of the isoleucine requirement, it is estimated from the leucine
and valine estimates. The isoleucine requirement was therefore calculated
by multiplying the isoleucine requirement calculated from the protein
requirement (Table 10-20) by 1.55, the average of the ratios for leucine
and valine. Similarly, the requirement for histidine, for which there have
also been no direct determinations, is calculated from the protein require-
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ment (Table 10-20) multiplied by 1.7, the average ratio for all amino acids
in Table 10-19.

Indispensable Amino Acid EAR Summary, Ages 19 Years and Older

An EAR was derived for each of the indispensable amino acids from
the data in Table 10-22. Where more than one EAR was given for an amino
acid in Table 10-22, the values were averaged and rounded to the nearest
whole number. This approach is weakest with the phenylalanine + tyrosine
requirements where there is a large range—from 15.1 to 39 mg/kg/d
giving an average value of 27 mg/kg/d. Lysine is the indispensable amino
acid with the most estimates (six in all), with the EAR varying from 26.6 to
36.9 mg/kg/d for an average value of 31 mg/kg/d. Given the very few
studies available, separate requirements could not be determined for women
versus men, or for young and older adults.

EAR for Adults
19 years and older 11 mg/kg/d of histidine

15 mg/kg/d of isoleucine
34 mg/kg/d of leucine
31 mg/kg/d of lysine
15 mg/kg/d of methionine + cysteine
27 mg/kg/d of phenylalanine + tyrosine
16 mg/kg/d of threonine
4 mg/kg/d of tryptophan

19 mg/kg/d of valine

Indispensable Amino Acid RDA Summary, Ages 19 Years and Older

With protein (see “Protein RDA Summary, Ages 19 Through 50
Years”), because the distribution of individual requirements for protein is
not a normal distribution and is skewed, its calculated standard deviation
and coefficient of variation do not have the usual intuitive meaning (the
mean plus two standard deviations exceeding all but about 2.5 percent of
the population’s requirement). However, an approximate standard devia-
tion was calculated as half of the distance from the 16th to the 84th per-
centile of the protein requirement distribution as estimated from the log
normal distribution of requirements. This gives, for comparative purposes,
an approximate standard deviation of 12.5 mg N/kg/d (a CV = 12 per-
cent). Given the paucity of data, it is assumed that for amino acids a simi-
lar deviation should be used; thus the RDA = EAR + 2 CV for amino acids
as well as for protein, or RDA = 1.24 × EAR. The calculated RDA is rounded
to the nearest whole number.
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RDA for Adults
19 years and older 14 mg/kg/d of histidine

19 mg/kg/d of isoleucine
42 mg/kg/d of leucine
38 mg/kg/d of lysine
19 mg/kg/d of methionine + cysteine
33 mg/kg/d of phenylalanine + tyrosine
20 mg/kg/d of threonine
5 mg/kg/d of tryptophan
4 mg/kg/d of valine

Pregnancy

Method Used to Estimate the Average Requirement

There are essentially no data with regard to amino acid requirements
during pregnancy, so it is generally assumed that indispensable amino
acid needs increase in proportion to the increased protein needs during
pregnancy. Since the pregnancy EAR for total protein is 0.88 g/kg/d for
women, the amino acid EARs for nonpregnant women were multiplied by
1.33 and rounded to the nearest whole number.

Amino Acid EAR and RDA Summary, Pregnancy

EAR for Pregnancy
For all ages 15 mg/kg/d of histidine

20 mg/kg/d of isoleucine
45 mg/kg/d of leucine
41 mg/kg/d of lysine
20 mg/kg/d of methionine + cysteine
36 mg/kg/d of phenylalanine + tyrosine
21 mg/kg/d of threonine
5 mg/kg/d of tryptophan

25 mg/kg/d of valine

The RDA for amino acids for pregnancy is set by increasing the EAR by the
variation in protein derived for adults ages 19 years and older (1.24 × EAR)
and rounded to nearest whole number.
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RDA for Pregnancy
For all ages 18 mg/kg/d of histidine

25 mg/kg/d of isoleucine
56 mg/kg/d of leucine
51 mg/kg/d of lysine
25 mg/kg/d of methionine + cysteine
44 mg/kg/d of phenylalanine + tyrosine
26 mg/kg/d of threonine
7 mg/kg/d of tryptophan

31 mg/kg/d of valine

Lactation

Method Used to Estimate the Average Requirement

There are essentially no data with regard to amino acid requirements
during lactation, so it is generally assumed that indispensable amino acid
needs will increase over the nonlactating needs by the amount of amino
acids found in human milk (Table 10-18).

To estimate the EAR for amino acids for lactation, the average amounts
of amino acids in human milk during the first 6 months of lactation
expressed as mg/kg/d based on the reference weight of the adult woman
in Table 1-1 (see “AI for Infants 0–6 Months”), are added to the EAR for
amino acids for the nonlactating woman, expressed as mg/kg/d (see
sections “Amino Acids EAR and RDA Summary, Ages 7 Months Through
18 Years” and “Amino Acids EAR and RDA Summary, Ages 19 Years and
Older”). The calculated EARs in mg/kg body weight/d are rounded to
the nearest whole number.

Amino Acid EAR and RDA Summary, Lactation

EAR for Lactation
For all ages 15 mg/kg/d of histidine

24 mg/kg/d of isoleucine
50 mg/kg/d of leucine
42 mg/kg/d of lysine
21 mg/kg/d of methionine + cysteine
41 mg/kg/d of phenylalanine + tyrosine
24 mg/kg/d of threonine
7 mg/kg/d of tryptophan

28 mg/kg/d of valine
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The RDA for amino acids for lactation is set by assuming the same
(CV) as that for total protein for lactation, 12 percent. The RDA is defined
as the EAR plus twice the assumed CV to cover the needs of 97 to 98 percent
of the individuals in the group. Therefore, for amino acids the RDA is
124 percent of the EAR for adolescents and adults. The calculated RDA in
mg/kg of body weight/d is rounded.

RDA for Lactation
For all ages 19 mg/kg/d of histidine

30 mg/kg/d of isoleucine
62 mg/kg/d of leucine
52 mg/kg/d of lysine
26 mg/kg/d of methionine + cysteine
51 mg/kg/d of phenylalanine + tyrosine
30 mg/kg/d of threonine
9 mg/kg/d of tryptophan

35 mg/kg/d of valine

INTAKE OF TOTAL PROTEIN AND AMINO ACIDS

Protein Quality

Different sources of protein vary widely in their chemical composition
as well as in their nutritional value. The quality of a source of protein (or
more specifically the source of nitrogen, since dietary protein is generally
measured analytically in terms of nitrogen) is an expression of its ability to
provide the nitrogen and amino acid requirements for growth, mainte-
nance, and repair. In practice, protein quality is principally determined by
two factors: digestibility and the amino acid composition of the protein in
question. In food as opposed to relatively pure protein, the contribution
of all of the indispensable amino acids to the total nitrogen content of the
food has to be considered in assessing the overall protein quality of the diet.

Digestibility

Nitrogen is excreted in the feces in amounts that usually vary between
10 and 25 percent of the nitrogen intake. As mentioned earlier, only a
part of this is derived directly from dietary nitrogen that was not absorbed;
the other parts result from protein and other secretions into the gastro-
intestinal tract during the process of digestion and from nitrogen con-
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tained in fecal bacteria. The unabsorbed part represents mainly proteins
that, by reason of their physical characteristics or chemical composition,
are resistant to breakdown by the proteolytic digestive enzymes. There is
probably a variable contribution of nitrogen contained in other non-
absorbable components, such as amino sugars and other nitrogen-
containing materials found in cell walls.

On the other hand, the secretions consist of specific proteins, such as
mucins, which represent a loss that is of nutritional importance. These
secretions appear to be rich in threonine and cysteine (Roberton et al.,
1991), and thus contribute to the requirement for both amino acids. How-
ever, both the nonabsorbed and secreted components that make up nitro-
gen loss are difficult to quantify with any confidence, except in terms of
total nitrogen, because of the overwhelming modifying effect of the intes-
tinal microflora. Thus, digestibility (as estimated by nitrogen excretion) is
usually determined by measuring the fecal nitrogen (NFP) in individuals
consuming the specific nitrogen source and subtracting the fecal nitrogen
values obtained when a protein-free diet is given (NF0). This value is then
subtracted from the total nitrogen intake (NI) and expressed as a propor-
tion of the nitrogen intake.

True Digestibility = DF = (NI – NF∆)/ NI,

where NFD = NFP – NF0.
Fecal nitrogen from a protein-free diet is a measure of the amount of

nitrogen from intestinal secretions, on the assumption (probably incor-
rect) that this component does not vary with different diets (de Lange et
al., 1989). The values thus calculated are called “true” digestibility and
represent the proportion of the dietary nitrogen that is absorbed. This
portion can generally be assumed to be available to the host for meeting
the needs for maintenance and growth.

It must be noted that a number of recent studies with isotopically
labeled proteins suggest that true digestibility exceeds 90 percent for many
common foods such as milk, cereals, and soy and other legumes (Darragh
and Hodgkinson, 2000, de Vrese et al., 2000; Mariotti et al., 1999,
Gausserès et al., 1997; Gaudichon et al., 1999). It should also be noted
that, at present, calculation of the availability (or digestibility) of amino
acids from food protein sources is based on the digestibility of total nitro-
gen as contrasted to that for the individual amino acid. However, there
can be quite large differences between the digestibility coefficients for
total nitrogen and the individual amino acid. These and other related
aspects of protein quality have been reviewed elsewhere (Darragh and
Hodgkinson, 2000; Schaafsma, 2000).
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The digestive and intestinal phase of dietary protein utilization is cur-
rently an active area of research, but it is still, from a practical standpoint,
not possible to make major improvements over the estimates of true
protein digestibility made some years ago by the Food and Agriculture
Organization and the World Health Organization (FAO/WHO, 1991).
Therefore, the determination of true digestibility of proteins, diets, and
amino acids in this report are based on the approaches and values pro-
posed by FAO/WHO in 1991.

Nitrogen Versus Amino Acids

Absorbed nitrogen is mainly in the form of amino acids, but a propor-
tion is in other compounds such as nucleic acids, creatine, amino sugars,
ammonia, and urea. The quantitative extent to which these contribute to
nitrogen retention and homeostasis is not known. Creatine can probably
be utilized (Metges et al., 1999b), but in general it is unknown to what
extent these different compounds can have a sparing effect on the utiliza-
tion of the amino acids for which they are precursors. However, the major
requirement for total nitrogen or protein is for the specific indispensable
amino acids (and/or conditionally indispensable amino acids) and an
additional source of α-amino nitrogen. At appropriate intakes these main-
tain protein homeostasis and adequate synthesis of those physiologically
important compounds for which amino acids are the obligatory precursors
(Table 10-5).

It is conventional to use a value of 6.25 to express the weight ratio of
protein to the nitrogen content in foods, which assumes that nitrogen is,
on average, 16 percent by weight of mixed protein. However, this factor is
in fact quite variable among different proteins. For example, when protein
intake is calculated by summing the weight of amino acids as analyzed in a
food (less the water of hydrolysis), the protein/nitrogen ratio is 5.38 for
egg, 5.62 for whole milk, 4.86 for cooked ham, 5.70 for whole-meal wheat
bread, and 6.07 for soymilk. Thus when converting the amount of nitrogen
present in a specific foodstuff to total protein, this factor becomes impor-
tant to use.

These differences in the protein-to-nitrogen ratio of food proteins are
not of specific importance in reference to the development of the recom-
mendations for protein requirements given herein. This is because these
recommendations have been based initially on nitrogen balance determi-
nations, which in turn were based on analytical measurements of nitrogen
intake (from different test proteins or mixtures of proteins). The nitrogen
intake values were then converted to protein intakes using the conven-
tional 6.25 factor, irrespective of the protein source used in the various
experiments.
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However, the protein-to-nitrogen conversion factor does matter in
considering the quality of food protein sources when the protein-specific
nitrogen conversion factor has been used to convert the chemically deter-
mined nitrogen content of the protein to a protein value. In this case,
protein intakes and the relation between the amino acid concentrations in
the protein should all be referred back to a nitrogen base. For this reason,
amino acid requirement patterns delineated below are given in reference
to both conventional protein (nitrogen × 6.25) and to a nitrogen basis.

Amino Acids Content of Proteins

The second and generally more important factor that influences the
nutritional value of a protein source is the relative content and metabolic
availability of the individual indispensable amino acids. If the content of a
single indispensable amino acid in the diet is less than the individual’s
requirement, then it will limit the utilization of other amino acids and
thus prevent normal rates of protein synthesis even when the total nitrogen
intake level is adequate. Thus, the “limiting amino acid” will determine
the nutritional value of the total nitrogen or protein in the diet. This has
been illustrated in experiments comparing the relative ability of different
protein sources to maintain nitrogen balance. For example, studies have
shown, depending on its source and preparation, that more soy protein
might be needed to maintain nitrogen balance when compared to egg-
white protein, and that the difference may be eliminated by the addition
of methionine to the soy diet. This indicates that sulfur amino acids can be
limiting in soy (Zezulka and Calloway, 1976a, 1976b). Similarly, the limit-
ing amino acid in wheat protein is lysine (Young et al., 1975a).

The concept of the limiting amino acid has led to the practice of
amino acid (or chemical) scoring, whereby the indispensable amino acid
composition of the specific protein source is compared with that of a refer-
ence amino acid composition profile. Earlier the amino acid composition
of a good quality protein such as egg, which is regarded as being well
balanced in amino acid content in relation to human needs (FAO/WHO,
1973), was used as a reference or benchmark. Table 10-23 shows the com-
position of various food protein sources expressed as mg of amino acid
per g of protein (nitrogen × 6.25). The composition of amino acids of egg
and milk proteins is similar with the exception of the sulfur amino acids
methionine and cysteine. However, wheat and beans have lower propor-
tions of indispensable amino acids, especially of lysine and sulfur amino
acids, respectively.

The nutritional implications of these differences in the amino acid
content of different proteins or mixtures of proteins can be evaluated by
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comparing the amino acid composition of the protein source with a suit-
able reference amino acid pattern.

Amino Acid Scoring and Protein Quality

In recent years, the amino acid requirement values for humans have
been used to develop reference amino acid patterns for purposes of evalu-
ating the quality of food proteins or their capacity to efficiently meet both
the nitrogen and indispensable amino acid requirements of the individual.
Based on the estimated average requirements for the individual indispens-
able amino acids presented earlier (Tables 10-20 and 10-21) and for total
protein (nitrogen × 6.25) (Tables 10-9 and 10-13), it is possible to establish
an amino acid requirement (or scoring) pattern for preschool children
and for adults. These are given in Table 10-24 together with the amino
acid requirement pattern used for breast-fed infants. It should be noted
that this latter pattern is that for human milk and so it is derived quite
differently compared to that for the other age groups.

There are three important points that need to be highlighted about
the proposed amino acid scoring patterns.  First, there are relatively small
differences between the amino acid requirement and thus scoring patterns
for children and adults, therefore use amino acid requirement pattern for
1 to 3 years of age is recommended as the reference pattern for purposes
of assessment and planning of the protein component of diets.

Second, the requirement pattern proposed here for adults is funda-
mentally different from a number of previously recommended require-
ment patterns (Table 10-25). The pattern for adults (FAO/WHO/UNU,

TABLE 10-23 Amino Acid Composition of Major Food Protein
Sources (mg/g protein)a

Amino Acid Whole Wheat Flour Navy Beans Milk Eggs

Histidine 22 28 28 24
Isoleucine 40 42 60 63
Leucine 63 76 98 88
Lysine 26 72 79 70
Methionine + cysteine 35 19 34 56
Phenylalanine + tyrosine 81 77 96 98
Threonine 27 39 45 49
Tryptophan 11 10 14 16
Valine 43 46 67 72

a Values for protein composition (N × 6.25) are from Young and Pellett (1990).
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TABLE 10-24 Proposed Amino Acid Scoring Patterns for
Infants, Preschool Children, and Adults Based on Estimated
Requirements for Protein and Indispensable Amino Acids

Preschool
Infantsa Children (1–3 y) Adults (18+ y)

(mg/g (mg/g (mg/g (mg/g (mg/g
Amino Acid protein) protein)b N)c protein)b N)c

Histidine 23 18 114 17 104
Isoleucine 57 25 156 23 142
Leucine 101 55 341 52 322
Lysine 69 51 320 47 294
Methionine + cysteine 38 25 156 23 142
Phenylalanine + tyrosine 87 47 291 41 256
Threonine 47 27 170 24 152
Tryptophan 18 7 43 6 38
Valine 56 32 199 29 180

a Pattern based on amino acid composition of human milk (from Table 10-18).
b Pattern derived from (EAR for amino acid ÷ EAR for protein); for 1–3 y group, where
EAR for protein = 0.88 g/kg/d; for adults, EAR for protein = 0.66 g/kg/d. EAR is
Estimated Average Requirement.
c Calculated as (mg/g protein) × 6.25.

TABLE 10-25 FNB/IOM Scoring Pattern Compared to Other
Proposed Patterns (mg/g protein)

MIT Millward FAO/WHO/ Recommended
Amino Acid Patterna  Patternb UNU Patternc FNB/IOM Patternd

Histidine — — — 18
Isoleucine 35 30 13 25
Leucine 65 44 19 55
Lysine 50 31 16 51
Methionine 25 27 17 25

+ cysteine
Phenylalanine 65 33 19 47

+ tyrosine
Threonine 25 26  9 27
Tryptophan 10 6 5 7
Valine 35 23 13 32

a Young and Pellett (1990).
b Millward et al. (1990).
c FAO/WHO/UNU (1985).
d Based on 1- to 3-year-old Estimated Average Requirements for protein and indispens-
able amino acids.
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1985) has uniformly lower proportions of all the indispensable amino
acids, as these requirement values were determined from studies of nitro-
gen balance, which are now considered to be not as reliable as values
derived from metabolic amino acid data (see previous discussion). The
other requirement patterns shown in Table 10-25 for adults were pub-
lished in two recent reviews (Millward, 1999; Young and Borgonha, 2000).
The pattern suggested by Millward (1999) is based on a reanalysis of nitro-
gen balance data that yields values that are generally lower than either the
FNB/IOM reference pattern, based on the EARs estimated above, or the
MIT pattern (Young and Borgonha, 2000). The MIT pattern includes
much of the oxidation and carbon balance data contained in the EAR
estimates given in this report, but the reference pattern recommended
here is derived from a larger body of data than that used by Young and
Borgonha. Thus, the reference amino acid scoring patterns shown in
Table 10-24 are designed for use in the evaluation of dietary protein quality.

Third, in generating these amino acid scoring patterns, the EARs for
the amino acids and for total protein were used. However, two important
statistical considerations need to be raised here: first, the extent to which
there is a correlation between nitrogen (protein) and the requirement for
a specific indispensable amino acid; second, the impact of the variance for
both protein and amino acid requirements on the derived amino acid
reference pattern. The extent to which the requirements for specific indis-
pensable amino acids and total protein are correlated is not known. In this
report it is assumed that the variance in requirement for each indispens-
able amino acid is the same as that for the adult protein requirement.

This analysis illustrates one of the uncertainties faced in establishing a
reference or scoring pattern and judging the nutritional value of a protein
source for an individual. However, on the basis of different experimental
studies in groups of subjects, experience shows that a reasonable approxi-
mation of the mean value for the relative quality of a protein source or
mixture of proteins can be obtained by use of the amino acid scoring
pattern proposed in Table 10-26 and a standard amino acid scoring
approach, examples of which are given in the following section.

Calculation of Amino Acid Scores for Different Food Proteins

The method for evaluating the relative nutritional quality of different
protein sources that is used in this report is based on calculating the pro-
tein digestibility corrected amino acid score (PDCAAS) as proposed by
FAO/WHO (1991). It is calculated as follows:
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[mg of limiting amino acid
in 1-g test protein]

PDCAAS (%) = ×     [true digestibility (DF )(%)]
mg of same amino acid
in 1-g reference protein

As mentioned earlier, in comparing the amino acid reference (or
scoring) patterns (Table 10-24) for 1- through 3-year-old children and the
adult age groups, it would be hard to justify proposing separate amino
acid scoring patterns for these populations for practical purposes. There-
fore, for calculation of the amino acid score, corrected for digestibility
(PDCAAS, %), it is recommended that one scoring pattern be used to
cover all ages from 1 year and above, as shown in Table 10-26.

A number of examples of the PDCAAS for different food proteins or
diets based on three major protein sources are given in Table 10-27. As
shown, wheat (lysine limiting) and chickpea proteins (sulfur amino acid
limiting) have a PDCAAS of 44 and 87 percent, respectively. For a diet
based on a mixture of wheat, chickpea, and skim milk proteins the
PDCAAS is 110 percent, which is truncated to a value of 100, since the
relative efficiency of utilization of the limiting amino acid cannot be
greater than that of the amino acid scoring pattern at nitrogen intakes
sufficient to meet nitrogen needs. Finally, it should be noted that PDCAAS
scores have only been calculated here based on four indispensable amino
acids (lysine, sulfur amino acids, threonine, and tryptophan). These are

TABLE 10-26 Summary FNB/IOM 2002 Amino Acid Scoring
Pattern for Use in Children ≥ 1 Year of Age and in All Other
Older Age Groups

Amino Acid mg/g proteina mg/g N

Histidine 18 114
Isoleucine 25 156
Leucine 55 341
Lysine 51 320
Methionine + cysteine 25 156
Phenylalanine + tyrosine 47 291
Threonine 27 170
Tryptophan 7 43
Valine 32 199

a Protein = nitrogen × 6.25.
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TABLE 10-27 Calculation of PDCAASa for Selected Individual
Food Proteins and for a Mixture of These Proteins, Based on
the FNB/IOM 2002 Amino Acid Scoring Pattern

Amino Acid Content
(mg/g protein)b

Protein
Protein Lys SAA Thr Trp Digestibility PDCAAS (%)

Wheat 25 35 30 11 0.85 42 (Lysine)c

Chickpea 70 25 42 13 0.80 80 (SAA)
Milk powder 80 30 37 12 0.95 100 (114—SAA)d

Mixture (% of
protein)
Wheat (19)
Chickpea (32)
Milk powder (49)
For combinatione 64 29 37 12 0.88 100 (102—SAA)

a Data for proteins taken from Table 10 of FAO/WHO (1991) using the procedure
described therein to determine PDCAAS (Protein Digestibility Corrected Amino Acid
Score).
b Lys = lysine; SAA = sulfur amino acids; Thr = threonine; Trp = Tryptophan.
c Lysine or sulfur amino acid = limiting amino acid.
d Where relevant, the nontruncated value for the PDCAAS is given prior to truncation
to a value of 100.
e Weighted values based on the proportion of the total protein in the mixture that is
contributed by each protein source.

the most likely limiting amino acids in common food protein sources and
so have been considered here for illustrative purposes.

There have been discussions on ways to improve the PDCAAS proce-
dure and further developments in this context are needed. Until better
methods are developed, the foregoing procedure is recommended, using
the digestibility values proposed by FAO/WHO (1991).

Comments on Protein Quality for Adults

While the importance of considering protein quality in relation to the
protein nutrition of the young has been firmly established and accepted
over the years, the significance of protein quality (other than digestibility)
of protein sources in adults has been controversial or less clear. The amino
acid scoring pattern given in Table 10-24 for adults is not markedly differ-
ent from that for the preschool age group, implying that protein quality
should also be an important consideration in adult protein nutrition.
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In the published meta-analysis of nitrogen balance studies by Rand
and coworkers (2003), there were no significant differences in the intakes
of dietary nitrogen required to meet nitrogen equilibrium between those
studies that supplied dietary protein predominantly from animal, veg-
etable, or mixed protein sources. It is important to realize however, that
this aggregate analysis does not suggest that dietary protein quality is of no
importance in adult protein nutrition. The examined and aggregated
studies included an analysis of those that were designed to compare good
quality soy protein (Istfan et al., 1983; Young et al., 1984) as well as one
that involved comparison of whole-wheat proteins (Young et al., 1975a)
with animal proteins sources using parallel experimental diet groups. The
results of these studies showed clearly that the quality of well-processed soy
proteins was equivalent to animal protein in the adults evaluated (which
would be predicted from the amino acid reference pattern in Table 10-26),
while wheat proteins were used with significantly lower efficiency than the
animal protein (beef) (again this would be predicted from the procedure
above). Similar studies compared rice and egg proteins (Inoue et al.,
1973), wheat gluten and egg proteins (Yanez et al., 1982), and lupin and
egg proteins (Egana et al., 1992), all demonstrating the higher quality of
the animal protein reference sources.

Thus, the aggregate analyses of all available studies analyzed by Rand
and coworkers (2003) obscured these results and illustrate the conservative
nature of their meta-analysis of the primary nitrogen balance. Moreover,
this discussion and presentation of data in Table 10-27 underscores the
fact that while lysine is likely to be the most limiting of the indispensable
amino acids in diets based predominantly on cereal proteins, the risk of a
lysine inadequacy is essentially removed by inclusion of relatively modest
amounts of animal or other vegetable proteins, such as those from legumes
and oilseeds, or through lysine fortification of cereal flour.

Food Sources

Protein from animal sources such as meat, poultry, fish, eggs, milk,
cheese, and yogurt provide all nine indispensable amino acids, and for this
reason are referred to as “complete proteins.” Proteins from plants,
legumes, grains, nuts, seeds, and vegetables tend to be deficient in one or
more of the indispensable amino acids and are called “incomplete proteins.”
Three ounces of lean meat or poultry contain about 25 g of protein, and
3 ounces of fish or 1 cup of soybeans supplies about 20 g of protein. The
protein content of 1 cup of yogurt is approximately 8 g, 1 cup of milk is 8 g,
and 1 egg or 1 ounce of cheese contains about 6 g. One cup of legumes
has approximately 15 g of protein. Cereals, grains, nuts, and vegetables
contain about 2 g of protein per serving.
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Dietary Intake

Data from nationally representative U.S. and Canadian surveys are
available to estimate protein intakes (Appendix Tables E-16 and F-5). In
the United States, the median dietary intake of protein by adult men dur-
ing 1994–1996 and 1998 ranged from 71 to 101 g/d for various age groups
(Appendix Table E-16). For women, the median intake ranged from 55 to
62 g/d. For both men and women, protein provided approximately 15 per-
cent of total calories (Appendix Table E-17). Similarly, in Canada, protein
provided approximately 15 percent of total calories for adults (Appendix
Table F-5).

The amino acids intakes for the U.S. population are found in Appen-
dix Tables D-2 through D-19. The median dietary intake of lysine by adult
men during 1988–1994 ranged from 4.65 to 7.50 g/d for various ages
(Appendix Table D-11), and by adult women from 3.59 to 4.56 g/d. The
median dietary intake of threonine by adult men during 1988–1994 ranged
from 2.74 to 4.21 g/d for various ages (Appendix Table D-16) and by adult
women from 2.10 to 2.59 g/d. The median dietary intake of tryptophan by
adult men and women during 1988–1994 ranged from 0.84 to 1.26 g/d
and from 0.65 to 0.78 g/d, respectively (Appendix Table D-17).

TOLERABLE UPPER INTAKE LEVELS FOR PROTEIN

Humans consume a wide range of intakes of protein. As intake is
increased, the concentrations of free amino acids and urea in the
blood increase postprandially. The nitrogenous substances in the urine
also increase, especially urea. These changes are part of the normal regu-
lation of the amino acids and nitrogen and represent no hazards per se, at
least within the range of intakes normally consumed by apparently healthy
individuals. Nonetheless, a number of adverse effects have been reported,
especially at the very high intakes that might be achieved with supplement
use, but also at more modest levels.

In addition, some naturally occurring proteins are allergenic to certain
sensitive individuals; for example, the glycoprotein fractions of foods have
been implicated in allergic responses. However, relatively few protein foods
cause most allergic reactions: milk, eggs, peanuts, and soy in children; and
fish, shellfish, peanuts, and tree nuts in adults.

Hazard Identification

Adverse Effects

There is little scientific literature on the effects of consuming very
high protein diets, but it has been suggested from evidence of the dietary
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practices of hunter-gatherer populations, both present day and historical,
that humans avoid diets that contain too much protein (Cordain et al.,
2000; Speth, 1989). Even when meat is the dominant food, diets of a wide
range of populations do not usually contain more than about 40 percent
of energy as protein (Speth, 1989). Indeed, Eskimos, when eating only
meat, maintain a protein intake below 50 percent of energy by eating fat;
protein intake estimated from data collected in 1855 was estimated to be
about 44 percent (Krogh and Krogh, 1913).

There have been case reports of high levels of intake. Two arctic
explorers, Stefansson and Andersen, ate only meat for a whole year while
living in New York City (Lieb, 1929; McClellan and Du Bois, 1930;
McClellan et al., 1930, 1931). For most of the period, the diet contained
15 to 25 percent of energy as protein, with fat (75 to 85 percent) and
carbohydrate (1 to 2 percent) providing the rest, and no ill effects were
observed (McClellan and Du Bois, 1930). However, consumption of greater
portions of lean meat (45 percent of calories from protein) by one of the
two explorers led rapidly to the development of weakness, nausea, and
diarrhea, which was resolved when the dietary protein content was reduced
to 20 to 25 percent of calories (McClellan and Du Bois, 1930).

If continued, a diet too high in protein results in death after several
weeks, a condition known as “rabbit starvation” by early American explorers,
as rabbit meat contains very little fat (Speth and Spielmann, 1983;
Stefansson, 1944a). Similar symptoms of eating only lean meat were
described by Lewis and Clark (McGilvery, 1983). Conversely, an all-meat
diet with a protein content between 20 and 35 percent has been reported
in explorers, trappers, and hunters during the winters in northern America
surviving exclusively on pemmican for extended periods with no adverse
effects (McGilvery, 1983; Speth, 1989; Stefansson, 1944b). Pemmican is a
concentrated food made by taking lean dried meat that has been pounded
finely and then blending it with melted fat. It contains about 20 to 35
percent protein; the remainder is fat (Stefansson, 1944b).

Nitrogen Balance Studies. Nitrogen balance studies at protein intakes of
212 to 300 g/d consistently have shown positive nitrogen balance (Fisher
et al. 1967; Oddoye and Margen, 1979; Tarnopolsky et al., 1988), although
this is usually attributed to the cumulative errors of the nitrogen balance
procedure (Garlick et al., 1999; Hegsted, 1978; Oddoye and Margen, 1979).
In particular, no negative nitrogen balances were reported, suggesting that
the high protein intake had no detrimental effect on protein homeostasis.

Maximum Urea Synthesis. Rudman and coworkers (1973) studied the
effect of meals containing graded levels of protein on the rate of urea
production by human liver in vivo. With increasing protein content of the
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meals, a maximum rate of urea synthesis of 65 mg of urea nitrogen/hour/kg
body weight0.75 was observed. At higher intakes, the rate was not increased
further, but the maximum rate continued longer. In a 70-kg sedentary
person, this maximum rate corresponds to about 250 g/d of protein, or
about 40 percent of energy. The correspondence of this maximum to the
apparent upper level of protein intake (45 percent of energy) described in
the earlier section related to the experiences reported by explorers has
therefore been suggested as cause and effect (Cordain et al., 2000). How-
ever, this interpretation should be made with caution, as there was no
period of adaptation to the meal in the study of Rudman’s group (1973).
It is probable that when high protein diets are given, the capacities to
oxidize amino acids and synthesize urea are increased, as has been demon-
strated in animals (Das and Waterlow, 1974). However, this does not
appear to have been investigated in humans.

Chronic Disease. High protein intakes have also been implicated in
chronic diseases such as osteoporosis, renal stones, renal insufficiency,
cancer, coronary artery disease, and obesity (see “High Protein Diets” in
Chapter 11). However, the current state of the literature does not permit
any recommendation of the upper level for protein to be made on the
basis of chronic disease risk.

Dose–Response Assessment

The data on the potential for high protein diets to produce gastro-
intestinal effects, changes in nitrogen balance, maximum urea synthesis,
or chronic disease are often conflicting and do not provide dose–response
information or clear indications of a lowest-observed-adverse-effect level
(LOAEL) or no-observed-adverse-effect level (NOAEL) for these end-
points. Thus, there are insufficient data to establish a Tolerable Upper
Intake Level (UL) for total protein. Because of the current widespread use
of protein supplements, more research is needed to assess the safety of
high protein intakes from supplements; until such information is avail-
able, caution is warranted.

The potential implications of high dietary protein for bone and kidney
stone metabolism are not sufficiently clear at present to make recommen-
dations for the general population to restrict their protein intake. How-
ever, in those who have idiopathic hypercalciuria, the occurrence of kidney
stones is much increased, and although there is no evidence to indicate
reducing protein intake will decrease the risk of developing kidney stones,
these individuals should not be encouraged to consume more protein
than the Recommended Dietary Allowance (RDA).
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Intake Assessment

Based on distribution data from the 1994–1996, 1998 Continuing
Survey of Food Intakes by Individuals (CSFII), the highest mean intake of
protein from diet for any gender and life stage group was estimated to be
104 g/d (Appendix Table E-16) for men aged 19 through 30 years of age.
For the 70-kg reference man (Table 1-1), this would equate to 1.5 g/kg/d.
This life stage group also had the highest reported protein intake at the
99th percentile of intake at 190 g/d, or 2.7 g/kg/d, for the reference
70 kg-man.

Risk Characterization

The risk of adverse effects resulting from excess intakes of protein
from foods appears to be very low at the highest intake noted above. Based
on distribution data from the 1994–1996, 1998 CSFII (Appendix Table E-17),
these 19-30-year-old men would be consuming a mean of 15.2 percent of
their energy from protein, and at the 99th percentile, 21.5 percent.
Women over the age of 50 had the highest reported percentage of total
energy from protein at the 99th percentile of 23.7 percent. Although a UL
for protein could not be established, this does not mean that there is not a
potential for adverse effects resulting from high protein intakes from food
or supplements. Because the data on adverse effects resulting from high
protein intakes are limited, caution may be warranted.

TOLERABLE UPPER INTAKE LEVELS FOR
INDIVIDUAL AMINO ACIDS

In establishing tolerable upper intake levels (ULs) for amino acids
several general points, common to all the amino acids, were noted.

• There is no evidence that amino acids derived from usual or even
high intakes of protein from foodstuffs present any risk. Therefore, atten-
tion was focused on intakes of amino acids from dietary supplements and
when utilized as food ingredients, such as monosodium glutamate in food
or aspartic acid and phenylalanine in aspartame.

• This review was confined to those amino acids that are found in
dietary protein and only the L-forms of amino acids were considered.

• Recognizing that the ULs are for chronic intake and in keeping
with the UL model, only limited emphasis was placed on the results of
acute and short-term toxicity studies, while longer-term studies were con-
sidered most appropriate for establishing ULs.
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• More emphasis was placed on observations of adverse effects in
humans than on effects observed in animals. Pharmacokinetic studies were
sought to bridge potential differences between animals and humans.

• It was noted that blood concentrations could be considerably higher
when amino acids were consumed as supplements as opposed to a compo-
nent of protein in food, and this was considered in establishing ULs.

• Many animal studies of amino acid toxicity were conducted with
diets deficient in protein. Less emphasis was placed on these studies than
those with adequate protein diets because of concern over the creation of
amino acid imbalances.

• For some well-studied amino acids, there were no adverse effects
reported at the highest dose tested in long-term studies. In such cases it
was not possible to establish a Lowest-Observed-Adverse-Effect Level
(LOAEL) or a No-Observed-Adverse-Effect Level (NOAEL) that was sup-
ported by toxicity data. Under these circumstances, it was not possible to
establish a UL in keeping with the criteria and procedures required by the
UL model.

Alanine

L-Alanine is a dispensable amino acid with glycogenic properties.
Studies of food intake, growth, and hematological changes resulting from
the oral ingestion of L-alanine in animals and humans reveal little data to
suggest a LOAEL or a NOAEL (LSRO, 1992). Based on intake distribution
data from the 1988–1994  (NHANES III) mean daily intake for all life
stage and gender groups of alanine from food and supplements is
approximately 3.6 g/d (Appendix Table D-2). Men 51 through 70 years of
age had the highest reported intake at the 99th percentile of 8.5 g/d.

Hazard Identification

Adverse Effects in Animals. In animals, L-alanine exhibits neural inhibi-
tory actions as well as hypothermogenicity (Glyn and Lipton, 1981). There
are no adequate data to characterize dose–response relationships for
L-alanine in animals.

Adverse Effects in Humans. Oral administration of a single L-alanine
dose, up to 50 g/d, increased plasma insulin levels (Genuth, 1973; Genuth
and Castro, 1974; Rose et al., 1977). However, there are no chronic studies
that can be utilized to establish a UL for supplemental L-alanine in
humans.
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Dose–Response Assessment

The very limited data on adverse effects of L-alanine intake from
dietary supplements (Genuth, 1973; Genuth and Castro, 1974) were con-
sidered insufficient for a dose–response assessment and derivation of a UL
for L-alanine.

Arginine

L-Arginine is incorporated into tissue proteins, and is required for the
synthesis of other amino acids, polyamines, and creatine, as well as for the
detoxification of ammonia via the urea cycle (Rodwell, 1990). It is a dis-
pensable glycogenic amino acid, synthesized in adequate amounts from
the urea cycle intermediate ornithine. Ornithine, in turn, can be synthe-
sized from proline and possibly from glutamate (Brunton et al., 1999).
However, in children with congenital defects of argininosuccinic acid
synthetase or argininosuccinase, both urea cycle enzymes, arginine is an
indispensable amino acid with daily supplementation required (Brusilow
and Horwich, 1989). Based on intake distribution data from the 1988–
1994 NHANES III, mean daily intakes for all life stage and gender groups
of arginine from food and supplements is approximately 4.2 g/d (Appen-
dix Table D-3). Men 51 through 70 years of age had the highest reported
intake at the 99th percentile of 10.1 g/d.

Hazard Identification

Adverse Effects in Animals. Feeding low-protein diets supplemented with
4, 5, or 7.5 percent arginine resulted in depressed body weight gains in
rats (Harper et al., 1966; Sauberlich, 1961). However, the growth sup-
pression by excess arginine was lessened when the protein content of the
diet was increased and when the quality of protein was improved (Harper
et al., 1970).

Oral doses of L-arginine of 0.1, 0.5, and 1.0 g/kg of body weight were
given to rats 1 hour before behavioral trials for a period of 5 or 7 days.
Avoidance behavior was increased in CDR rats (a strain with poor learning
capacity) at the highest dose only. Conditioned avoidance was not affected
in Wistar rats, but increased locomotion was reported (Drago et al., 1984).

Studies on the effects of orally administered arginine on the immune
system have provided conflicting results. Barbul and coworkers (1980)
reported significant increases in thymus weights, thymic lymphocyte con-
tent, and in vitro activity of thymic lymphocytes after supplementing the
diet of male mice with 0.5, 1, 2, and 3 percent arginine hydrochloride
(one-half in the diet and one-half in drinking water) for 6 days. No dose–
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response was found, with the maximum stimulation noted at 0.5 percent
supplementation of the normal chow diet containing 1.8 percent arginine.
Reynolds and coworkers (1990) reported significantly increased thymus
weight, spleen cell mitogenesis, and inducible natural killer cell activity in
mice after oral arginine (drinking water) doses of 60, 120, or 240 mg/kg
of body weight/d. No dose–response was reported with maximum stimula-
tion noted at 60 mg/kg of body weight/d. In young or aged rats, ingestion
of diets supplemented with 3 percent L-arginine for 15 days did not result
in increased thymus weights and little effect was reported on lymphocyte
proliferation or interleukin-2 production as compared to controls
(Ronnenberg et al., 1991).

Adverse Effects in Humans. Feeding 30 g of L-arginine hydrochloride/d
for 7 days to 21 healthy human volunteers resulted in no changes in liver
function, blood urea nitrogen (BUN), creatinine, or blood glucose (Barbul
et al., 1981). The nausea and diarrhea reported by two and three adults,
respectively, were ameliorated by altering the amount given at any time
without decreasing the total daily intake. However, administration of 5 or
10 g of arginine as arginine aspartate for 80 days produced such dose-
related reversible effects as increased weight, gastrointestinal disturbances,
and somnolence (De Aloysio et al., 1982).

Thirty-six healthy volunteers were divided into 3 equal groups of 12
and orally administered 30 g of arginine hydrochloride (24.8 g of free
arginine), 30 g of arginine aspartate (17 g free arginine), or a placebo
daily for 14 days (Barbul et al., 1990). Dietary consumption of arginine was
not controlled. Supplementation with arginine hydrochloride resulted in
the development of mild hyperchloremic acidosis. Side effects of bloating,
mild anorexia, and diarrhea were reported by one in the group receiving
placebo, three in the group receiving arginine aspartate, and six in the
group receiving arginine hydrochloride (Barbul et al., 1990). In another
study of 30 elderly adults receiving 17 g of free arginine/d as arginine
aspartate for 14 days, no adverse effects were observed (Hurson et al.,
1995).

Park and coworkers (1992) administered orally 30 g of arginine free
base/d to 10 patients with breast cancer during the three days immedi-
ately prior to surgery. A second group of ten cancer patients did not receive
arginine supplementation prior to surgery and served as controls. The
daily median rate of tumor protein synthesis in arginine-supplemented
patients was slightly more than double that found in controls (25.6 percent/d,
range 9 to 37 percent/d; 10 percent/d, range 5.5 to 15.8 percent/d,
respectively). In addition, in patients receiving arginine supplementation
there was a marked stimulation in the expression of the activation antigen
Ki67 as measured histologically (~40 percent tumor cells staining with Ki67
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compared to ~9 percent in controls). These data indicate that large oral
doses of arginine may stimulate tumor growth in humans.

Studies in experimental animals have indicated a suppression of tumor
growth after oral administration of arginine (Barbul, 1986; Reynolds et al.,
1988; Tachibana, et al., 1985). Paradoxically, there are also published
studies showing that arginine can stimulate tumor growth in animal
models. Yeatman and coworkers (1991) showed that an arginine-enriched
diet stimulated the growth of a murine colon tumor, whereas an arginine-
depleted diet inhibited the tumor growth. Arginine was also shown to
stimulate tumors in total parenteral nutrition-fed rats, while substitution
of ornithine for arginine abolished the effect (Grossie et al., 1992). More-
over, Levy and coworkers (1954) showed that subcutaneous injections of
arginine either inhibited or stimulated the tumor, depending on its size at
the start of treatment. The mechanism of these effects is unknown, but
might in part involve the immune system. Reynolds and coworkers (1988)
observed an inhibition of tumor growth with tumors of high immuno-
genicity, but stimulation when a tumor of low immunogenicity was used,
suggesting that inhibition might only occur when tumors can be recog-
nized and killed by the immune system.

Batshaw and coworkers (1984) treated 17 hyperammonemic infants
with 175 to 350 mg L-arginine/kg of body weight/d for 6 to 8 weeks. No
adverse effects were reported. Plasma arginine concentrations were
approximately twice those in the controls but less than one-third of the
minimal concentration postulated to result in neurological effects in
hyperargininemia. A follow-up at 18 months of age showed similar IQ
scores in all groups. It should be mentioned that Brusilow and coworkers
(1984) have used arginine supplements of 210 to 840 mg/kg of body
weight/d for 5 years in the treatment of children with inborn errors of
urea synthesis. No evidence of intellectual deterioration or visual effects
was reported in these patients. In addition, there are several reports
regarding patients treated intravenously with arginine hydrochloride for
metabolic alkalosis or as a provocative test for growth hormone, where life-
threatening hyperkalemia (Bushinsky and Gennari, 1978; Massara et al.,
1981) or fatal hyponatremia (Gerard and Luisiri, 1997) were observed.
These are acute toxicity reports and thus are not useful to evaluate chronic
intakes.

Dose–Response Assessment

Studies of oral administration of supplemental arginine in humans (in
excess of normal dietary intakes of approximately 5.4 g/100 g of mixed
dietary proteins) were not designed to systematically study the toxicity of
chronic oral exposure to this amino acid. They are generally of short dura-
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tion, do not present dose–response data, and involve small numbers of
individuals. Although data from these studies do not support the develop-
ment of an LOAEL and thus a UL, they do give some indication of the
effects from oral arginine intakes of up to 30 g/d. Oral intakes of arginine
aspartate providing 5 and 10 g/d of free arginine for 80 days resulted in
dose-related weight increases, digestive disturbances, and sleepiness (De
Aloysio et al., 1982). Daily intakes of 20 to 30 g of arginine hydrochloride
for 7 to 14 days resulted in gastrointestinal disturbances (Barbul et al.,
1981, 1990). Such effects were considered mild and responded to lower-
ing the oral dose at various times during the day without affecting the total
daily intake.

Although the data appear to indicate minimal effects from arginine
supplementation at intakes up to 24.8 g/d of free arginine base, the
unconfirmed finding that 30 g/d of arginine for 3 days resulted in a
stimulation of tumor growth in breast cancer patients (Park et al., 1992)
indicates that dietary supplementation with arginine is not advisable other
than in at-risk children with congenital defects of argininosuccinic acid
synthetase or argininosuccinase. Therefore, since neither a NOAEL nor
LOAEL can be identified for intake of L-arginine from dietary supple-
ments in healthy individuals, a UL could not be determined.

Asparagine

L-Asparagine is a dispensable amino acid, the amide of the dicarboxylic
amino acid aspartic acid that is either deaminated during food processing
or converted into aspartate by the mucosal cells. Daily human intakes of
L-asparagine from dietary protein are about 7.4 g/100 g of dietary protein
(LSRO, 1992).

Hazard Identification

There are no data available regarding the toxicity of L-asparagine as a
single amino acid supplement, which are relevant for setting an UL.

Dose–Response Assessment

There are no data to characterize a dose–response assessment for
supplemental asparagine. However, asparagine is rapidly converted to
aspartic acid in the gastrointestinal tract, and the potential adverse health
effects from asparagine intake should be considered when developing the
UL for aspartic acid.
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Aspartic Acid

L-Aspartic acid is a dispensable dicarboxylic amino acid that can be
produced by the transamination of oxaloacetic acid arising from glucose
breakdown. In the presence of α-ketoglutarate, aspartate is converted to
oxaloacetate and glutamate. Based on distribution data from the 1988–
1994 NHANES III, mean daily intakes for all life stage and gender groups
of aspartic acid from food and supplements are 6.5 g/d (Appendix
Table D-4). Men 31 through 50 years of age had the highest intake at the
99th percentile of 15.4 g/d.

Hazard Identification

Adverse Effects in Animals. Neonatal mice (24-hours postpartum) received
four subcutaneous injections of L-aspartic acid at 2 g/kg of body weight
and were followed for 7 months (Schainker and Olney, 1974). When com-
pared to controls, there was an increase in hypothalmic lesions, obesity,
skeletal stunting, and reduced reproductive organ size. Neither blood nor
brain concentrations of aspartic acid were measured. Using a similar protocol,
Pizzi and coworkers (1978) replicated these findings in mice given gradu-
ally increasing doses of monosodium L-aspartic acid (2.2 to 4.4 g/kg of
body weight) by subcutaneous injection on days 2 to 11 of life. Animals
were followed for 150 days for growth and reproductive behavior and
sacrificed between 200 and 300 days of age. Females had reduced litter
sizes and fewer pregnancies, and males had reduced fertility. At 190 and
195 days of age, behavioral tests were carried out on the male mice and
significant reductions in activity and exploratory behavior were observed
in treated animals.

Finkelstein and coworkers (1988) have proposed that some of the
adverse effects reported may be the result of insufficient carbohydrate in
the diet of mice receiving large acute doses of aspartic acid. When neo-
natal mice were orally administered 750 mg aspartate/kg of body weight,
the characteristic hypothalmic lesions were observed. However, when mice
were treated simultaneously by gavage with aspartate and 1 g of Polycose®/kg
of body weight, no lesions were found. At a dose of 1 g of aspartate/kg of
body weight administered with carbohydrate, there was a reduction of
more than 60 percent in the lesions observed compared to the animals
treated with aspartate only. Prior injection of insulin (at pharmacological
doses) 4 hours before aspartate treatment (750 mg/kg of body weight)
reduced, but did not eliminate, the numbers of animals with lesions from
12/12 to 6/10 and decreased the maximum number of necrotic neurons
per brain section. This paper reported a threshold dose for a single oral
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administration of aspartate producing neurotoxicity in infant mice at
650 mg/kg of body weight (Finkelstein et al., 1988).

Finkelstein and coworkers (1983) also conducted an oral exposure
study with L-aspartic acid in slightly older infant mice (8 days old). Aspartic
acid was administered by oral gavage at a single dose of 0, 250, 500, 650,
750, or 1,000 mg/kg of body weight. Brain regions were assessed at 5 hours
after exposure. No hypothalamic neuronal necrosis was observed in animals
treated with a single dose of aspartic acid up to and including 500 mg/kg
of body weight. Increasing numbers of animals with hypothalamic lesions
and severity of lesions (as assessed by numbers of necrotic neurons per
brain section) were observed with increasing doses. In contrast, Reynolds
and coworkers (1980) gave infant monkeys a single dose of 2 g/kg of body
weight of aspartame by gastric tube and found no hypothalamic damage.

None of the above studies on the effects of aspartic acid on hypo-
thalamic structure and function include data on food consumption of the
treated animals and the observations of adverse effects have been made in
rodents only. The only study in nonhuman primates found no change in
the hypothalamus of infant monkeys given an acute dose of aspartame
(Reynolds et al., 1980).

Adverse Effects in Humans. Carlson and coworkers (1989) measured
the effects of a 10-g bolus dose of L-aspartic acid on pituitary hormone
secretion in healthy male and female adults. Aspartic acid had no consis-
tent effect on any hormone measured.

The potassium magnesium salt of aspartic acid (KMA) has been used
as a supplement in exercise regimens (Ahlborg et al., 1968; de Haan et al.,
1985; Maughan and Sadler, 1983; Sen Gupta and Srivastava, 1973). Acute
oral doses in these studies ranged from approximately 75 to 130 mg of
KMA/kg of body weight. While no adverse effects were reported, it was not
clear from the reports what adverse effects were examined, and plasma
aspartic acid concentrations were not reported.

Since the artificial sweetener aspartame contains about 40 percent
aspartic acid, studies on the effects of oral administration of this dipeptide
provide useful information on the safety of aspartic acid. Twelve normal
adults were orally given 34 mg/kg of body weight of aspartame and the
equimolar amount of aspartic acid (13 mg/kg of body weight) in a cross-
over design (Stegink et al., 1977). No increase in plasma or erythrocyte
aspartate was found during the 24 hours after dosing. Plasma phenylalanine
levels doubled over fasting concentrations 45 to 60 minutes after dosing
with aspartame but returned to baseline after 4 hours. Plasma concentra-
tions of other amino acids remained unchanged.

Frey (1976) studied the effects of the oral administration of aspartame
to 126 children and adolescents (30 to 77 mg of aspartame/kg body weight/d,
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equal to 12 to 30 mg of aspartate/kg body weight/d) for 13 weeks in a
double-blind study. Each child received a physical examination and special
eye examinations before and after the study. In addition, tests for liver and
renal function, hematological status, and plasma levels of phenylalanine
and tyrosine were conducted. The results of all tests were within normal
limits. Using a similar study design and a dose of 36 mg aspartame/kg
body weight/d (14 mg aspartate/kg/d) given orally to young adults (mean
age 19.3 years), Knopp and coworkers (1976) reported no meaningful
effects on plasma triglycerides and cholesterol nor on tests measuring
hematological parameters, and liver and renal function.

Dose–Response Assessment

All human studies on the effects of aspartic acid involve acute expo-
sures (Ahlborg et al., 1968; Carlson et al., 1989; de Haan et al., 1985;
Maughan and Sadler, 1983; Sen Gupta and Srivastava, 1973). There are
some subchronic studies on the oral administration of aspartame to
humans (Frey, 1976; Stegink et al., 1977); however, in both studies no
dose–response data are available. Although some studies in experimental
animals were designed to obtain dose–response data, the effects measured
were usually found in all doses studied. Therefore, even if the protocol
had used dosing regimens appropriate for the development of a UL, no
NOAEL was identified.

The most serious endpoint identified in animal studies was the devel-
opment of neuronal necrosis in the hypothalamus of newborn rodents
after dosing with aspartic acid a few days postpartum. This is a property of
dicarboxylic amino acids, since glutamic acid dosing in this animal model
results in similar necrotic effects (Stegink, 1976; Stegink et al., 1974).
There is still some uncertainty over the relevance to humans of the new-
born rodent model for assessing the neuronal necrosis potential of aspartic
acid. Neuronal necrosis in the hypothalamus was not found in newborn
nonhuman primates with levels of plasma dicarboxylic amino acids
10 times those found in newborn mice with neuronal necrosis (Stegink,
1976; Stegink et al., 1974). In addition, human studies where high doses of
aspartic acid or aspartame were given failed to find a significant increase
in the plasma level of aspartic acid.

In view of the ongoing scientific debate regarding the sensitivity of
newborn animals to the consumption of supplemental dicarboxylic amino
acids, it is concluded that aspartic acid dietary supplements are not advis-
able for infants and pregnant women. Although the scientific data are not
sufficient to develop a UL for aspartic acid, it should be noted that dietary
supplement doses of up to 8 g/d (approximately 120 mg/kg body weight/d)
have not resulted in any documented adverse effects.
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Branched-Chain Amino Acids (Leucine, Isoleucine, Valine)

The branched-chain amino acids (BCAA)—leucine, isoleucine, and
valine—differ from most other indispensable amino acids in that the
enzymes initially responsible for their catabolism are found primarily in
extrahepatic tissues. Each undergoes reversible transamination, catalyzed
by a branched-chain aminotransferase (BCAT), and yields α-ketoisocaproate
(KIC, from leucine), α-keto-β-methylvalerate (KMV, from isoleucine), and
α-ketoisovalerate (KIV, from valine). Each of these ketoacids then under-
goes an irreversible, oxidative decarboxylation, catalyzed by a branched-
chain ketoacid dehydrogenase (BCKAD). The latter is a multienzyme
system located in mitochondrial membranes (Danner et al., 1979). The
products of these oxidation reactions undergo further transformations to
yield acetyl CoA, propionyl CoA, acetoacetate, and succinyl CoA; the BCAA
are thus keto- and glucogenic.

Based on distribution data from the 1988–1994 NHANES III, mean
daily intakes for all life stage and gender groups of leucine (Appendix
Table D-10), isoleucine (Appendix Table D-9) and valine (Appendix Table
D-19) from food and supplements are 6.1, 3.6, and 4.0 g/d, respectively.
Men 51 through 70 years of age had the highest intakes at the 99th per-
centile for leucine at 14.1 g/d, isoleucine at 8.2 g/d, and valine at 9.1 g/d.

Hazard Identification

Blood and tissue concentrations of BCAA are altered by several dis-
ease and abnormal physiological states, including diabetes mellitus, liver
dysfunction, starvation, protein–calorie malnutrition, alcoholism, and
obesity. These and other conditions sometimes produce drastic alterations
in plasma pools of BCAA (Amen and Yoshimura, 1981). Markedly elevated
concentrations of BCAA and branched-chain α-keto acids are associated
with maple-syrup urine disease; the latter is caused by an inborn error of
metabolism in which BCKAD is low or absent (Hutson and Harper, 1981).
BCAA imbalances appear not to cause these various diseases and physi-
ological abnormalities, but rather result from them. Numerous investiga-
tions of interrelationships of BCAA in patients having one or more of
these conditions have been undertaken; their usefulness for assessing risks
to healthy populations is in most cases questionable (LSRO, 1992).

One other set of interactions, in this case concerning BCAA and other
amino acids, may be of significance in assessing human risks associated
with supplementation. Thus, it has been well established that the BCAA
compete with other large neutral amino acids (LNAA, particularly tryptophan
and tyrosine) for membrane transport (Anderson and Johnston, 1983).
Although the BCAA do not act as direct precursors for neurotransmitters,
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they can affect transport of certain LNAA across the blood–brain barrier,
and thereby influence central nervous system concentrations of certain
neurotransmitters. Fernstrom and coworkers (1973) demonstrated, for
example, that brain tryptophan levels in rats decrease as the ratio of plasma
tryptophan to other LNAA, including the BCAA, declines.

Influences on and Consequences of Metabolism. BCAA-transaminase
(BCAAT) exists in at least three different subtypes, and its tissue and
cellular distribution varies across species. Differences between rats and
humans in this regard raise the possibility that, to the extent that adverse
biological effects of the BCAA are dependent upon metabolism, rodent
data may not be completely predictive of human responses (Harper et al.,
1984). BCKA-dehydrogenase (BCKAD) appears to display similar inter-
species variability. It should be noted, however, that in most of the animal
studies reported below, it is not entirely clear that these various enzyme
activities are critical determinants of the effects seen. Thus, while the
animal data must be interpreted with caution, there is no well-established
basis for disregarding them entirely.

Among the BCAA, leucine appears to exhibit the highest degree of
metabolic activity, although this conclusion may arise at least partially
because it has been the subject of more study than isoleucine and valine.
Leucine may affect muscle protein turnover (Elia and Livesey, 1983) and
stimulate insulin release and tissue sensitivity (Frexes-Steed et al., 1990) as
well as somatostatin, glycogen, and zinc release (Danner and Elsas, 1989).
It is unclear whether any of these effects have adverse health consequences.

Adverse Effects in Humans. BCAA-enriched protein or amino acid mix-
tures and, in some cases, BCAA alone, have been used in the treatment of
a variety of metabolic disorders. These amino acids have received consid-
erable attention in efforts to reduce brain uptake of aromatic amino acids
and to raise low circulating levels of BCAA in patients with chronic liver
disease and encephalopathy (LSRO, 1992; Marchesini et al., 1990; Skeie et
al., 1990). They have also been used in parenteral nutrition of patients
with sepsis and other abnormalities. Although no adverse effects have been
reported in these studies, it is not clear that such effects have been care-
fully monitored (Skeie et al., 1990). Additionally, the data from these
studies, because they involved patients with significant and sometimes
unusual disease states, are not directly relevant to the problem of assessing
risks to normal, healthy humans.

Most studies of the effects of BCAA supplementation involving healthy
individuals have been directed at their potential for improving physical or
mental performance. It has been hypothesized that BCAA supplementa-
tion may reduce muscle catabolism associated with exercise, fasting, or
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metabolic stress (Hood and Terjung, 1990), and may reduce fatigue asso-
ciated with increased central nervous system concentrations of serotonin
(Newsholme et al., 1991). The first hypothesis is based on the fact that, in
humans, the highest concentrations of BCAAT, the catalyst for BCAA
oxidation, are found in muscle; the second hypotheses relates to the fact
that high circulatory levels of BCAA interfere with the transport of
tryptophan, a serotonin precursor, across the blood–brain barrier. Of the
individual BCAA, leucine has received the most study, because of its rela-
tively greater rate of oxidation and because it is associated with the rapid
release of glucogenic precursors from muscle.

There have been several reports of clinical trials in which groups of
healthy humans, in most cases trained athletes, were given high doses of
leucine by intravenous infusion (Abumrad et al., 1982; Elia and Livesey,
1983; Eriksson et al., 1983; Hagenfeldt et al., 1980; Tarnopolsky et al.,
1991). Most of the studies involved a single dose of the amino acid. These
trials measured physical and mental performance, the impact on blood
levels of other amino acids, and in one case, of insulin and glucose output.
Although some evidence of reduced muscle catabolism and clear evidence
of an impact on blood concentrations of other amino acids (most espe-
cially, declines in the other BCAA and several other neutral amino acids)
can be found in these reports, none of these provides evidence of an
adverse effect of leucine. In fact, in one study glutamine output from
forearm muscle was significantly increased (Abumrad et al., 1982). It
should be noted, however, that possible side effects in all studies were
those that might have been recognized subjectively. No potential func-
tional changes were investigated in any of these studies. Thus, although
this collection of studies provides no evidence of adverse effects of high
doses of leucine, they are of highly limited value in assessing health risks.

Maple Syrup Urine Disease (MSUD). The most common disorder asso-
ciated with genetic anomalies in BCAA metabolism is Maple Syrup Urine
Disease (MSUD), a condition brought about by lack of adequate function
in BCKAD. The disorder, which can be diagnosed in the neonatal period,
is characterized by very high plasma levels of BCAA, especially leucine.
There are six other forms of the condition that have onsets later in life;
these different forms are associated with different abnormal subtypes of
BCKAD. MSUD is associated with mental retardation and even early death
and is treated by dietary control of BCAA. Other less common metabolic
disorders are associated with genetic anomalies in specific enzymes involved
in BCAA metabolism (LSRO, 1992; Sweetman, 1989). Information on these
disorders provides no data helpful to assessing risks in normal popula-
tions; the affected populations require medical management involving
severe restriction of BCAA consumption.
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Adverse Effects in Animals. There have been a relatively large number
of studies in rats of high levels of BCAA administration and, in some cases,
of individual BCAA (particularly leucine). The largest share of these inves-
tigations followed the observation that the BCAA compete with other
LNAA (tryptophan, tyrosine) for the blood–brain carrier system (Ashley
and Anderson, 1975; Fernstrom et al., 1973). Of particular interest has
been the effect of BCAA-induced changes in LNAA/BCAA ratios, and the
effects of LNAA and neurotransmitter brain concentrations on food intake
and body weight.

Peters and Harper (1987) demonstrated that protein intake was,
however, not affected by BCAA-induced changes in neurotransmitter con-
centrations. In another study, BCAA dosing lowered plasma and brain
concentrations of all indispensable amino acids, but there appeared to be
no consistent association of these alterations with protein selection
(Anderson et al., 1990). Indeed, given a choice, rats adjusted their dietary
intakes in response to supplementation with BCAA.

It appears, however, that the creation of imbalances among the BCAA
(e.g., by dosing with high levels of any one of them) may sometimes induce
reductions in appetite and growth (Block, 1989; Harper et al., 1984). How-
ever, these imbalances, which lead to catabolism of muscle, occur only in
rats on marginally adequate protein diets (Block, 1989). Thus, for example,
Harper et al. (1984) demonstrated that high dietary levels of leucine sup-
pressed the growth of rats fed a low protein diet, and that the growth
suppression could be prevented by supplementation with isoleucine and
valine. There have been a number of attempts to study BCAA antagonisms
in various tissues, and it appears that muscle is the major contributor to
the depletion of isoleucine and valine pools in animals consuming high
leucine diets. It is not at all clear that induced BCAA imbalances (except
possibly in the case of animals on marginally adequate protein diets) have
any adverse effects on growth.

The consequences of reduced brain concentrations of neurotransmitters
observed in these animal studies that may be associated with high level
BCAA supplementation are not entirely clear, nor is their relevance to
humans certain, given the known interspecies differences in the activities
and tissue distribution of BCAAT and BCKAD.

Kawabe and coworkers (1996) reported on a subchronic feeding study
in which L-isoleucine was administered to groups of 10 rats at dietary con-
centrations of 0, 1.25, 2.5, 5.0, or 8.0 percent for 13 weeks. The amino acid
caused no changes in body weights, food consumption, or hematological
parameters. At the highest dietary level, increased urine volumes and rela-
tive kidney weights and urine pH, together with some alterations in serum
electrolytes, were clearly related to treatment. Minimal changes were
observed at the 5.0 percent dietary level, although no histopathological
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alterations were observed in any organs of either gender. No alterations of
any type were observed at the 2.5 percent dietary level (corresponding to
about 1,800 mg/kg/d).

There is evidence that isoleucine acts as a promoter of urinary bladder
carcinogenesis in rats (Kakizoe et al., 1983; Nishio et al., 1986). Thus,
Kakizoe and coworkers (1983) exposed 6-week-old rats to low doses of
N-butyl-N (4-hydroxybutyl) nitrosamine (BHBN), a known initiator of cancer
of the urinary bladder, and supplemented their diets with isoleucine or
leucine. After 40 weeks, the incidence of papillomas was significantly
elevated in rats receiving isoleucine plus BHBN over that observed in the
group receiving BHBN alone. In a follow-up study of similar design, Nishio
and coworkers (1986) extended the experimental period to 60 weeks and
included diets supplemented with 2 or 4 percent isoleucine or leucine. In
this case, both dose levels of both amino acids significantly increased
bladder carcinoma incidence over groups receiving BHBN alone or groups
receiving amino acids alone (see Table 10-28). It thus appears that both
leucine and isoleucine are potent promoters of bladder neoplasms in rats
at dietary levels of 2 percent and above; a no-effect level was not identified
in either of the above studies. There is no evidence that either amino acid
is carcinogenic in the absence of an initiating agent.

Developmental Studies. Persaud (1969) reported that leucine is a
teratogen when it is administered by intraperitoneal injection in pregnant
female rats at doses as low as 15 mg/kg of body weight. The author sug-
gested that the effects, which were multiple and serious, may have resulted
from amino acid imbalances that adversely affected protein synthesis dur-

TABLE 10-28 Incidences of Bladder Carcinomas in Rats After
60 Weeks

Dietary Levelsa

Added Substance 0% 2% 4%

Isoleucine or leucine 0 0 0
BHBN 0
BHBN and isoleucine 46 77
BHBN and leucine 52 74

a Dietary level refers to level of amino acid addition. N-butyl-N (4-hydroxybutyl) nitro-
samine (BHNB) was administered at a dose below that known to induce bladder tu-
mors. No papillomas or preneoplastic lesions were observed in the control groups or in
the amino acid groups.
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ing embryonic development. No attempt has been made to determine
whether orally administered BCAA have any such effect.

Matsueda and Niiyama (1982) reported on the effects of dietary sup-
plementation with the individual BCAA on maintenance and outcome of
pregnancy in rats. Pregnant rats were fed a low protein (6 percent casein)
diet supplemented with 5 percent leucine, isoleucine, or valine. Four control
groups were administered the 6 percent casein diet; it was stated (without
documentation) that the four control groups were given the 6 percent
diets in amounts matching those of pair-fed BCAA groups.

Only 11 out of 20 possible pregnancies were maintained in rats admin-
istered leucine and isoleucine (2/10 for the leucine groups and 9/10 for
the isoleucine groups). No consistent effects on food intake and maternal
body weight gain were observed, except for an increase in both in valine-
supplemented dams. All fetal weights in the BCAA groups were less than
those in ad libitum controls, and fetal weights in the isoleucine and valine
groups (but not the leucine groups) were less than those in pair-fed
controls; this same pattern was observed when fetal brain weights were
analyzed. In all three BCAA-fed groups, brain concentrations of BCAA,
histidine, and arginine were greatly increased relative to ad libitum con-
trols, but no such effects were seen for glutamate or phenylalanine.

This study suggests that BCAA when administered to pregnant rats at
high doses (dietary levels of 5 percent, corresponding roughly to a daily
dose of 2,000 mg/kg) may reduce fetal body weight and relative brain
weights and cause sharp increases in brain concentrations of certain amino
acids.

Thoemke and Huether (1984) bred rats for three generations on diets
enriched with BCAA at 10 g/kg for each amino acid. They also concurrently
studied the effects of tryptophan, tyrosine, and phenylalanine supplementa-
tion. Feeding of the supplemented diets commenced in both genders two
weeks before mating, and continued through three generations (F1, F2,
F3). BCAA caused, as expected, decreases in serum levels of tryptophan
and tyrosine in F3 dams, and increases in serum glycine. There were, how-
ever, no such differences observed in dams of the F1 and F2 generations
and no changes in BCAA levels were observed in any generation. In the F1
generation, diets supplemented with BCAA caused significant decreases in
brain weights at days 5 and 10 postpartum, but weights were, in all cases,
normal by day 20. In the F2 and F3 generations, however, pup brain
weights were reduced at day 5 and did not recover by day 20. The concen-
trations of neurotransmitters were decreased in the brain in all three
generations, with the most significant decrease seen for aspartate; no func-
tional measurements were made to assess the possible effects of these
declines in neurotransmitter concentrations.
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It is thus clear that alterations in brain chemistry, most especially
declines in neurotransmitter concentrations and reductions in brain
weight, can be seen in offspring of rats fed supplemental BCAA at 30 g/kg
diet (10 g/kg for each amino acid). Assuming that female rats weigh an
average of 200 g during gestation and consume about 15 g food/d, then
the 30 g/kg level of BCAA corresponds to about 450 mg/d, or a daily dose
of 2,250 mg/kg (about 750 mg/kg for each amino acid). This study
involved only a single level of supplementation, so a “no-effect” level was
not identified.

Summary. There are no reports of adverse health effects associated
with normal diets containing BCAA, nor have such effects been reported
in healthy persons receiving single, infused supplemental BCAA doses as
high as 9.75 g. The several studies in which such large supplemental doses
were given are highly limited as a basis for reaching conclusions about
safety because most involved only a single dose, and none involved an
attempt to assess any functional changes. In some human studies, espe-
cially those involving high doses of leucine, metabolic alterations were
observed, typically expressed as declines in blood levels of LNAA, including
neurotransmitter precursors. In one study, insulin sensitivity was increased
by BCAA supplementation.

The effects of BCAA on plasma and whole blood concentrations of
amino acids have been convincingly and repeatedly observed under a
variety of conditions in experimental animal studies. BCAA compete among
themselves and with other LNAA, and these competitive interactions may
affect growth and appetite (although significant only in animals on diets
marginally adequate in protein). Changes in brain concentrations of
neurotransmitters precursors (tryptophan and tyrosine) have also been
demonstrated at various levels of supplementation.

Developmental studies in rats also reveal the effect of BCAA supple-
mentation on fetal brain concentrations of neurotransmitters in successive
generations of animals. Fetal brain weights are also reduced across genera-
tions. Decreases in viable pregnancies have been seen in rats administered
supplemental leucine and isoleucine.

Leucine and isoleucine have both been shown to promote bladder
carcinogenesis in a two-stage rat model. Neither has been demonstrated to
be carcinogenically active in the absence of an initiating agent. A recent
13-week study in rats involving isoleucine provided no evidence that this
amino acid could induce pre-neoplastic lesions in the urinary bladder, but
did reveal that isoleucine could increase urine volume and pH and relative
kidney weights at very high dietary levels. Such effects are generally species
specific.
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Dose–Response Assessment

There are no adequate dose–response data from human or animal
studies upon which to base a UL for BCAA. Tumor promotion data from
rat studies cannot be used reliably to assess human risk. It is not at all clear
that such two-stage models, involving an initiating agent, are relevant to
expected conditions of human exposure (Williams and Whysner, 1996).

Cysteine

L-Cysteine, a dispensable amino acid, is formed metabolically from
L-methionine and L-serine. It is interconvertible to cystine, and for pur-
poses of this report, L-cysteine and L-cystine are considered together.
Based on distribution data from the 1988–1994 NHANES III, the mean
daily intake for all life stage and gender groups of cysteine from food and
supplements is 1.0 g/d (Appendix Table D-5). Men 51 through 70 years of
age had the highest intakes at the 99th percentile of 2.2 g/d.

Hazard Identification

Acute Adverse Effects in Animals. L-Cysteine is mutagenic in bacteria
(Glatt, 1989), but not in mammalian cells (Glatt, 1990). L-Cysteine has
been identified as a neuro excitotoxin due to its interaction with N-methyl-
D-aspartate (NDMA) receptors (Olney, 1994). Administration to perinatal
mice or rats that have an immature blood–brain barrier produces neuro-
toxicity. Swiss Webster albino mice, 10 to 12 days old, were given a single
oral dose of 3 g/kg of body weight of L-cysteine (Olney and Ho, 1970). At
5 hours after treatment, necrosis of hypothalamic neurons was found, as
well as retinal lesions.

In male Wistar rats injected intraperitoneally with 1.0 mmol/kg of
body weight of cysteine, blood levels of cysteine peaked at about 2 mM at
30 minutes (Calabrese et al., 1997). At 1 hour, exposure produced elevated
brain levels of malondialdehyde in the substantia nigra. Subcutaneous
injection of 4-day-old Sprague-Dawley rats with L-cysteine 0.5 g/kg of body
weight produced no subsequent effect on neurotransmitter or neuropeptide
systems in the striatum at 35 days of age (Sivam and Chermak, 1992).

In addition to the report of Olney and Ho (1970) on retinal lesions in
mice, subcutaneous injection of 9- to 10-day-old Wistar rats with L-cysteine
at 1.2 mg/g body weight produced permanent dystrophy of the inner layers
of the retina (Karlsen and Pedersen, 1982).
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Acute administration of L-cysteine to rats at a dose of 1.9 g/kg was
reported to produce ultrastructural alterations of testicular Sertoli cells
and spermatids (Bernacchi et al., 1993).

Acute Adverse Effects in Humans. Single oral doses of 5 and 10 g of
L-cysteine have produced nausea and light-headedness in normal humans
(Carlson et al., 1989). Reports of chronic administration of L-cysteine to
humans were not found.

Dose–Response Assessment

The data on adverse effects of L-cysteine and L-cystine intake from
supplements were not considered sufficient for a dose–response assess-
ment and derivation of a UL.

Glutamic Acid, Including Its Sodium Salt

Dietary glutamate is almost totally extracted by the gut and is metabo-
lized rapidly by transamination to α-ketoglutarate, and hence to other
intermediary metabolites, notably alanine. The glutamate that escapes
capture by the gut is largely taken up by the liver. Glutamate is also synthe-
sized endogenously as a product of transamination of other amino acids
during the catabolism of arginine, proline, and histidine, and by the action
of glutaminase on glutamine. Its importance in metabolism is that it is a
dispensable amino acid that plays a role in the shuttle of nitrogen from
amino acid catabolism to urea synthesis through its transamination
reamination reactions, and behaves as a neurotransmitter in the brain.

Based on distribution data from the 1988–1994 NHANES III, mean
daily intakes for all life stage and gender groups of glutamic acid from
food and supplements are approximately 15 g/d (Appendix Table D-6).
Men 31 through 50 years of age had the highest intakes at the 99th per-
centile of 33.7 g/d.

Hazard Identification

Most of the body’s free glutamate pool is concentrated in the tissues,
especially brain (homogenate, 10 mmol/L; synaptic vesicles, 100 mmol/L)
(Meldrum, 2000). By contrast, the concentration of glutamate in the blood
is low, typically about 50 µmol/L in the fasting state (Stegink et al., 1982a,
1983a, 1983b). During absorption of a high-protein meal (1g protein/kg/d),
there is about a twofold rise in the concentration of glutamic acid in the
systemic plasma (Stegink et al., 1982a), returning to baseline 8 hours after
the meal. Addition of monosodium glutamate (34 mg/kg) to the meal,
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which increased the total glutamate intake by 16 percent, did not result in
any further increase in glutamate concentration. However, a larger dose of
glutamate, 150 mg/kg/d, which increased the total intake by 69 percent,
resulted in a larger increase in glutamate level than the meal alone (by
about 50 percent) (Stegink et al., 1983b). Both the peak level achieved
and the time course of rise in glutamate level have been shown to be
highly dependent on the way in which the glutamate is ingested. A single
drink of glutamate (150 mg/kg) in water resulted in a large and rapid rise
in the plasma level, peaking at about 12 times the basal level at 45 minutes,
and falling quickly thereafter (Stegink et al., 1983a). By contrast, a meal
consisting of a liquid formula substantially inhibited the rise in glutamate
level (Stegink et al., 1983a).

Adverse Effects in Animals. The adverse effects of glutamic acid and its
salts have been reviewed in great detail by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) (JECFA, 1988) and the American
Institute of Nutrition of the Federation of American Societies for Experi-
mental Biology (FASEB) (Raiten et al., 1995). The acute toxicity has been
evaluated in several animal species, with LD50 values for the oral route of
administration ranging from 16,200 to 19,200 mg/kg of body weight in
mice, 10,000 to 19,900 mg/kg of body weight in rats, and greater than
2,300 mg/kg of body weight in rabbits (JECFA, 1988), indicating a low
level of acute toxicity. Subchronic studies in mice showed an increase in
body fat and female sterility in animals that had been subcutaneously
injected with glutamate (2.2 to 4.2 g/kg/d) from day 1 to day 10 of life
(Olney, 1969). Mice given subcutaneous injections of glutamate (3 g/kg)
at 2 days of age were also found to have higher body weights (Olney,
1969). In similar studies on rats given up to 2.0 g/kg/d of glutamate, no
effects on body weight, growth, and the volume and weights of several
organs were detected (Hara et al., 1962). Other studies showed no effects
of glutamate on learning or recovery from electroconvulsive shock (Porter
and Griffin, 1950; Stellar and McElroy, 1948).

Longer-term investigations of the effects of glutamate in animals have
revealed few adverse effects. In two studies on mice given glutamate (1 or
4 percent of the diet) for 2 years, no increase in the incidence of malig-
nant tumors was shown, and in other respects the animals were normal
(Ebert, 1979b; JECFA, 1988). Similar negative results were reported from
chronic studies (2 year) in rats given diets containing 0, 0.1, and 0.4 per-
cent glutamate (JECFA, 1988) and in rats given diets containing 0, 1, 2,
and 4 percent glutamate (Owen et al., 1978a). In addition, rats given diets
with 0.1 or 0.4 percent glutamate showed no adverse effects on fertility
and survival of the young (Ebert, 1979a). Moreover, no adverse effects on
body weight gain, food consumption, behavior, electrocardiogram, ophthal-
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mology, hematology, blood chemistry, organ weights, kidney function, or
mortality were observed in dogs given diets with 0, 2.5, 5, or 10 percent
glutamate (Owen et al., 1978b).

Adverse Effects in Humans. In humans there is a direct relationship
between serum glutamate level and nausea and vomiting with concentra-
tions above 1 mmol/L resulting in vomiting in 50 percent of the individuals
(Levey et al., 1949). Glutamate has been used for treatment of a variety of
medical conditions. For example, arginine glutamate has been given to
treat ammonia intoxication, at a dose of 50 g every 8 hours, but no more
than 25 g over 1 to 2 hours in order to avoid vomiting (Martindale, 1967).
Chronic glutamate treatment of children with approximately 0.3 g/d of
glutamic acid for 6 months (Zimmerman and Burgemeister, 1959) and
adults with 45 g/d for 10 weeks (Himwich et al., 1954) showed no adverse
effects.

Despite the generally low level of toxicity of glutamic acid demon-
strated in the studies on animals and humans, there has remained concern
over its continued use as a flavor-enhancing agent. This has been fueled by
the discovery that high doses of glutamate can under certain circumstances
be neurotoxic (Olney, 1969), and by the reported occurrence of distressing
symptoms after the consumption of Asian foods, generally known as Chinese
restaurant syndrome. As glutamate is an excitatory neurotransmitter, its
potential for neurotoxicity has been studied extensively. In 1957 it was
shown that injection of glutamate into suckling mice resulted in degenera-
tion of the inner neural layers of the retina (Lucas and Newhouse, 1957).
Later work showed that neuronal destruction also occurred in several
regions of the brain in mice after glutamate was parenterally administered
(Olney, 1969). Neurons are destroyed by excessive activation by glutamate
of excitatory receptors located on the dendrosomal surfaces of neurons
(Olney, 1989). The most sensitive areas of the brain are those that are
relatively unprotected by the blood–brain barrier, notably the arcuate
nucleus of the hypothalamus.

In a detailed analysis of the literature on the neurotoxic effects of
glutamate in several species, JECFA (1988) concluded that parenteral
administration of glutamate results in reproducible lesions in the central
nervous system. However, lesions have never been observed in animals
taking glutamate with food, although lesions were noted when the
glutamate was given as a large dose by gavage. The neonatal mouse is the
most sensitive, the sensitivity declining in weanlings through adults. More-
over, the sensitivity is lower in rats, hamsters, guinea pigs, and rabbits, and
effects have rarely been detected in nonhuman primates. In addition, there
have been a number of reports of behavioral abnormalities in mice and
rats given large doses of glutamate in the early neonatal period (Berry et
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al., 1974; Iwata et al., 1979; Nikoletseas, 1977; Olivo et al., 1986; Pinto-
Scognamiglio et al., 1972; Poon and Cameron, 1978; Pradhan and Lynch,
1972). There are also reports of reproductive abnormalities in animals
given glutamate as neonates (Lamperti and Blaha, 1976, 1980; Matsuzawa
et al., 1979; Pizzi et al., 1977). However, a number of other studies have
shown no effect on reproduction (Anantharaman, 1979; Prosky and
O’Dell, 1972; Yonetani et al., 1979), and one study reported an enhance-
ment of fertility (Semprini et al., 1971).

No signs of neurological damage have been reported in humans. For
example, in adult males given a chemically defined diet in which glutamate
was the only source of dispensable nitrogen for periods of 14 to 42 days,
no changes in neurologic or hepatic function were detected (Bazzano et
al., 1970). However, concern was raised by a report that a large dose of
glutamate taken orally stimulated the secretion of prolactin and cortisol
(Carlson et al., 1989). Earlier findings that rats injected with 1 g/kg of
glutamate showed stimulation in the secretion of luteinizing hormone and
testosterone (Olney et al., 1976) were interpreted as indicating that the
high concentration of glutamate had penetrated the neuroendocrine parts
of the hypothalamus. Similarly, it was shown that the same dose of
glutamate stimulated release of prolactin and inhibited the release of
growth hormone (Terry et al., 1981). The data of Carlson and coworkers
(1989) might therefore be interpreted to imply that the elevated concen-
tration of glutamate was penetrating the hypothalamus in humans, and
that neuroendocrine disturbances might be a potential consequence. How-
ever, a more recent and more strictly controlled study, employing 12.7 g of
monosodium glutamate (160 mg/kg of body weight), failed to show
significant changes in prolactin and cortisol or of luteinizing hormone,
follicle stimulating hormone, growth hormone, or thyroid stimulating hor-
mone (Fernstrom et al., 1996).

Chinese Restaurant Syndrome. Despite the failure to show any neurological
damage in humans resulting from glutamate ingestion, there are many
reports of symptoms associated with Chinese Restaurant Syndrome, also
called MSG (monosodium glutamate) Symptom Complex (Raiten et al.,
1995) and Idiosyncratic Intolerance. These symptoms, which have fre-
quently been reported anecdotally after eating Asian food, have been
described as a burning sensation at the back of the neck, forearms, and
chest; facial pressure or tightness; chest pain; headache; nausea; upper
body tingling and weakness; palpitation; numbness in the back of the neck,
arms, and back; and drowsiness. After initial reports of this complaint, the
symptoms were attributed to the high concentration of MSG in Asian food
(Ambos et al., 1968; Schaumburg and Byck, 1968).
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Studies indicated that some of those who reported being susceptible
were sensitive to less than 3 g, and that all but one of those studied suffered
some symptom at sufficiently high doses (Schaumburg et al., 1969). Later
work suggested that as many as 25 to 30 percent of the population might
be susceptible (Kenney and Tidball, 1972; Reif-Lehrer, 1976). However, a
more recent assessment, using a randomized double-blind crossover design
in which the characteristic taste of MSG had been carefully disguised, failed
to detect any greater incidence of adverse symptoms after consuming
glutamate at a meal (1.5 or 3 g) compared with the placebo (Tarasoff and
Kelly, 1993). In fact, a significant negative correlation was found between
MSG dose and adverse symptoms. In another study, six adults who believed
themselves to be sensitive to MSG were challenged with MSG (6 g) or
placebo in a strongly flavored drink to mask the MSG in a double-blind
study (Kenney, 1986). Four of the six did not react to either MSG or the
placebo, whereas the other two reacted to both. Similarly, 24 individuals,
18 of whom believed themselves to be subject to flushing symptoms after
eating Chinese food, were challenged with MSG (3 to 18.5 g), but no cases
of flushing occurred (Wilkin, 1986).

Thus in 1988, JECFA concluded that properly conducted and con-
trolled clinical trials had failed to establish a relationship between Chinese
Restaurant Syndrome and the ingestion of MSG. Subsequently, the FASEB
report (Raiten et al., 1995) concluded that there was no scientifically
verifiable evidence of adverse effects in most individuals exposed to high
levels of MSG.

FASEB (Raiten et al., 1995) also acknowledged that there was suffi-
cient evidence for the existence of a small subgroup of healthy people that
were sensitive to MSG, and that they showed symptoms when exposed to
an oral dose of 3 g in the absence of food. A recent double-blind, placebo-
controlled study on a self-selected group of individuals who believed them-
selves to be sensitive to MSG has shown that many have the specific symptoms
under experimental conditions that they had previously identified as
representing their sensitivity to MSG (Yang et al., 1997). They also identi-
fied a dose of 2.5 g as the threshold for the induction of symptoms. A
more recent study of similar design confirmed these findings, and also
reported that responses did not occur when MSG was given with food
(Geha et al., 2000). It was also noted that neither persistent nor serious
effects from MSG were observed.

Asthma. Triggering of asthma was another, and potentially more
serious, symptom of the MSG Symptom Complex listed by FASEB (Raiten
et al., 1995). A recent review by Stevenson (2000) analyzed six studies on
asthmatic patients, and has pointed out a number of deficiencies. Two
studies indicated that single-blind administration of MSG (1.5 to 2.5 g) was
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associated with bronchospasm in 14 of 32 (Allen et al., 1987) and 2 of 30
asthmatics (Moneret-Vautrin, 1987). However, the subsequent four studies,
employing double-blind approaches, showed no incidence of broncho-
spasm after MSG ingestion in a total of 45 asthmatic patients (Germano et
al., 1991; Schwartzstein et al., 1987; Woessner et al., 1999; Woods et al.,
1998). Clearly there is a need for further study in this area to clarify the
inconsistencies, but overall they show no convincing evidence that MSG
precipitates asthma attacks.

It has also been suggested that MSG exacerbates urticaria. In a single
systematic study of patients with chronic idiopathic urticaria, involving
single- and double-blind, placebo-controlled challenges, two patients had
positive single-blind, but neither had positive double-blind challenges, sug-
gesting that only a very small proportion of the patients, if any, were sensi-
tive to MSG (Simon, 2000).

Dose–Response Assessment

Despite the large number of studies of glutamate toxicity in animals
and humans, there appear to be very few adverse effects of L-glutamate
consumption that have significance for humans. The possible involvement
of glutamate in the MSG Symptom Complex is not yet established and is of
little concern, as there is no evidence that it has any impact on overall
health. Although there is no convincing evidence that MSG precipitates
asthma attacks, this is an area that needs further study. There is continu-
ing controversy about the potential neurotoxicity of glutamate, but data in
this area are conflicting and not sufficient for a dose–response assessment.
Thus, a UL for L-glutamate from supplements cannot be established at the
present time.

Glutamine

L-Glutamine, a dispensable amino acid, taken orally, is metabolized
primarily in the splanchnic tissues. After absorption it is extensively
metabolized to citrulline, arginine, glutamate, and proline (Reeds and
Burrin, 2001). Extensive metabolism also occurs in lymphocytes, kidney,
and liver. However, glutamine is simultaneously being synthesized in many
tissues, especially muscle, intestine, brain, and liver (LSRO, 1992). The
endogenous rate of production by the adult whole body has been esti-
mated to be 60 to 100 g/d (van Acker et al., 1999). The two enzymes
primarily responsible for glutamine metabolism are glutaminase, which
converts glutamine to glutamate and ammonia, and glutamine synthetase,
which synthesizes glutamine from glutamate and ammonia. Because high
concentrations of either glutamic acid or ammonia are known to be
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neurotoxic, hyperammonemia and hyperglutamic-acidemia are important
potential hazards of glutamine consumption.

Hazard Identification

Ziegler and coworkers (1990) performed several individual studies to
examine glutamine safety under different circumstances. In the first study,
six volunteers were given a single oral dose of glutamine at three different
doses (0, 0.1, and 0.3 g/kg of body weight) and monitored for 4 hours. A
second study in nine volunteers was performed to investigate the effects of
intravenous infusion of glutamine at three doses (0, 0.0125, and 0.025 g/kg
body weight/hour) for 4 hours. A third study in seven volunteers was
designed to investigate the effects of glutamine-supplemented total parenteral
nutrition (TPN) (0, 0.285, and 0.570 g/kg body weight/d) over 5 days. A
pharmacokinetic study over 4 hours was also performed in three volun-
teers. After single oral doses, plasma glutamine concentrations rose in
proportion to the dose given, by approximately twofold after 1 hour for
the higher dose, and returned to basal within 4 hours. During infusions of
glutamine in volunteers, with or without TPN, the plasma glutamine con-
centration remained elevated by about 30 percent, and no significant
changes in plasma glutamate or ammonia were seen. In the two studies of
glutamine-supplemented TPN, when serial assessments of mental status
were made, there was no evidence of neurotoxicity. Overall, there were no
indications of adverse effects at any dose when glutamine was given by
either the oral or intravenous route.

Hornsby-Lewis and coworkers (1994) examined the effects of glutamine
supplementation in seven patients for up to 4 weeks while receiving TPN
plus glutamine at a single dose of 0.285 g/kg body weight/d. There was no
significant increase in plasma glutamine concentration, and no other
adverse effects were observed, but the authors noted their concern regard-
ing elevations in liver enzymes.

In a randomized, double-blind, controlled study, normal TPN in
60 patients was compared with isonitrogenous TPN including alanyl-
glutamine (0.5 g/kg body weight/d, equivalent to 0.34 g/kg/d of glutamine)
in 60 patients for 6 days (Jiang et al., 1999). After 6 days the plasma
glutamine was increased by 8 percent in the treated group compared with
a decrease of 15 percent in the controls. No indications of adverse effects
were apparent. Morlion and coworkers (1998) described the results of 28
elective surgery patients given TPN containing alanyl-glutamine (0.3 g/kg/
d) or an isonitrogenous control. Plasma glutamine was modestly increased
and nitrogen balances were improved compared with the control group.
In addition, no adverse effects were observed.
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Lacey and coworkers (1996) carried out a randomized, double-blind
study of glutamine-supplemented parenteral nutrition (20 percent of
amino acids) in 44 preterm neonates for 15 days. On the basis of plasma
ammonia and glutamate levels and the absence of clinical signs of neuro-
toxicity, it was concluded that glutamine at this dose is safe in preterm
infants. Also, Roig and coworkers (1996) reported no increases in the
concentrations of glutamine, glutamate, and ammonia in very low birth-
weight infants given enteral supplements of glutamine (0.3 g/kg/d).

It is notable that despite the substantial number of published investi-
gations in which glutamine has been administered to humans, very few, if
any adverse effects have been reported. However, the published studies of
toxicity have not fully taken account of a number of important factors,
including the chronic consumption of glutamine. Glutamine is an impor-
tant fuel utilized by most rapidly growing tumors (Kovacevic and Morris,
1972), which may deplete the body’s ability to provide glutamine (Chen et
al., 1991, 1993; Klimberg and McClellan, 1996). Moreover, tumor cells are
dependent on a supply of glutamine for growth (Colquhoun and Newsholme,
1997), and the growth rates correlate with the activity of glutaminase (Knox
et al., 1969; Linder-Horowitz et al., 1969). Therefore, although providing
supplemental glutamine might restore the body glutamine pool, it is also
important to examine the possibility that glutamine supplements may pro-
mote cancer. However, the evidence points to the contrary, and in vivo
studies have not confirmed this suspicion (Klimberg and McClellan, 1996;
Souba, 1993). Oral administration of glutamine did not enhance tumor
growth in rats in vivo (Klimberg et al., 1990), and may even depress tumor
growth (Fahr et al., 1994; Klimberg and McClellan, 1996).

Dose–Response Assessment

The only reported adverse effect of glutamine was an increase in liver
enzymes in patients on TPN supplemented with glutamine (0.285 g/kg
body weight/d, corresponding to about 20 g/d), which resolved after
cessation of treatment (Hornsby-Lewis et al., 1994). However, in other
studies, doses up to 0.57 g/kg/d have been given without any adverse
effect being reported. Thus, the data on L-glutamine from supplements
are conflicting and are not sufficient for a dose–response assessment and
derivation of a UL.

Glycine

Glycine is a dispensable amino acid with glycogenic properties. It is
the only amino acid that does not have an asymmetric carbon atom, and
its metabolism is linked to that of L-serine. Based on distribution data
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from the 1988–1994 NHANES III, the mean daily intake for all life stage
and gender groups of glycine from food and supplements is 3.2 g/d
(Appendix Table D-7). Men 19 through 30 years of age had the highest
intakes at the 99th percentile of 7.8 g/d.

Hazard Identification

Adverse Effects in Animals. Growth depression in rats and chicks has
been reported after feeding diets containing as much as l0 percent glycine
(Harper et al., 1970). Nitrosated glycine can be genotoxic in vitro (Gaspar
et al., 1996). It is not, however, mutagenic using a modified Ames test
(Hoorn, 1989).

Adverse Effects in Humans. Surgical irrigation solutions of glycine con-
taining 1.5 or 2.2 percent glycine reportedly cause some transient adverse
effects (e.g., nausea, diarrhea, and visual disturbances) in patients after
transurethral resection of the prostate (Creel et al., 1987; Hahn, 1988;
Mizutani et al., 1990; Wang et al., 1989). In patients with schizophrenia,
oral doses of approximately 60 g/d of glycine for several weeks failed to
reveal adverse effects (Leiderman et al., 1996). There have been no
chronic dose–response studies with L-glycine in healthy humans.

Dose–Response Assessment

The data on adverse effects of glycine intake from supplements were
considered not sufficient for a dose–response assessment and deriva-
tion of a UL.

Histidine

Although histidine is generally regarded as an indispensable amino
acid (FAO/WHO/UNU, 1985), removal of histidine from the diet, unlike
the eight classical indispensable amino acids, does not induce negative
nitrogen balance in the first 10 days (Rose et al., 1951). Further, men fed
amino acid-based diets containing 10 g of nitrogen/d devoid of histidine
remained in nitrogen balance for up to 2.4 months (Rose, 1957). There
were similar reports in women (Reynolds et al., 1958) and children
(Nakagawa et al., 1963). Conversely, it has been observed that nitrogen
balance becomes gradually negative over a longer period of time and
nitrogen balance rapidly became positive upon the reintroduction of
histidine (Kopple and Swendseid, 1975).

Histidine is an important component of hemoglobin (8 percent), with
the bulk being in the globin portion. The rate of erythropoiesis decreases
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and hemoglobin falls in adults on a histidine-free diet that is reversed
when histidine is restored (Kopple and Swendseid, 1975). In addition, the
dipeptide carnosine, found in skeletal muscle, is a large store of histidine
and serve as a source of histidine (Christman, 1971). Because of these
large body pools of histidine it takes a prolonged period (more than 60 days)
to deplete an adult of histidine. Based on distribution data from the
1988–1994 NHANES III, the mean daily intake for all life stage and gender
groups of histidine from food and supplements is 2.2 g/d (Appendix
Table D-8). Men 51 through 70 years of age had the highest intakes at the
99th percentile of 5.2 g/d.

Hazard Identification

Adverse Effects in Animals. Histidine given acutely by intraperitoneal
injection or intravenously has been shown to result in changes in the
concentration of brain amino acids (Oishi et al., 1989) and histamine
(Schwartz et al., 1972). Young rats (4 to 5 weeks old) treated with an
inhibitor of histidinase exhibited reduced locomotor activity after an intra-
peritoneal injection of histidine (250 mg/kg of body weight) (Dutra-Filho
et al., 1989). Pilc and coworkers (1982) reported “bizarre behavior” in rats
dosed intraperitoneally with histidine (400 to 800 mg/kg of body weight).
These effects have not been examined in rats fed L-histidine and are of
minimal use in deriving a UL for the chronic exposure of humans to oral
L-histidine.

Feeding low-protein diets supplemented with L-histidine for 3 to 4 weeks
resulted in significant body weight losses after only several days in rats.
However, the effects became less as increasing levels of high-quality protein
were added to the diet (Benevenga and Steele, 1984).

Short-term feeding studies (7 to 46 days) in rats have shown growth
retardation, hepatomegaly, and hypercholesterolemia at L-histidine levels
of approximately 2 to 4 g/kg body weight/d (Harvey et al., 1981; Hitomi-
Ohmura et al., 1992; Ohmura et al., 1986; Solomon and Geison, 1978).
Harvey and coworkers (1981) reported significantly reduced concentra-
tions of copper and zinc in the plasma and reduced liver concentrations of
copper after feeding diets containing 8 percent L-histidine (~4 g/kg body
weight/d) for 46 days. Hypercholesterolemia was eliminated by the simul-
taneous feeding of an L-histidine- and copper-supplemented diet, support-
ing the hypothesis that the histidine-induced hypercholesterolemia was a
result of changes in copper status. Feeding mice 1.3 g L-histidine/kg body
weight/d for 21 days resulted in an increase in the absorption and utiliza-
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tion of zinc with higher concentrations of zinc in liver, muscle, spleen, and
pancreas (van Wouwe et al., 1989).

The long-term toxicity and carcinogenicity of L-histidine mono-
hydrochloride (HMHC) was studied in 50 male and 50 female rats (Ikezaki
et al., 1996). Male rats were fed diets containing 0.47 and 0.96 g/kg body
weight/d of HMHC for 104 weeks; female rats were fed 0.56 and 1.1 g/kg
body weight/d for the same period. No significant treatment-related
increases in any tumors were reported when compared to matched
controls. No neoplastic changes were reported in controls or treatment
groups. In male rats fed 0.96 g of HMHC/kg body weight/d, increases in
red blood cell counts, hemoglobin concentrations, and hematocrit were
reported. No evidence of sperm granulomas were observed in male rats
fed either 1.6 g of HMHC/kg body weight/d for 13 weeks or 0.97 g/kg
body weight/d for 104 weeks (Ikezaki et al., 1994, 1996).

Adverse Effects in Humans. Pinals and coworkers (1977) treated 30  rheu-
matoid arthritis patients and 30 controls daily with capsules containing 4.5 g
of L-histidine for 30 weeks in a double-blind trial followed by 19 patients
receiving this dosage for 10 additional months in a period of open treat-
ment. It is not clear which adverse effects were examined; however, the
authors concluded that no adverse effects of the histidine therapy were
noted. In a similar double-blind treatment design, Blumenkrantz and co-
workers (1975) treated 42 patients (16 chronic uremic and 26 undergoing
maintenance dialysis) with oral doses of 4 g/d of L-histidine for 17.5 weeks.
No adverse effects were reported; however, it was not evident from the
report which adverse effects were examined.

Studies on the effects of L-histidine on taste and smell acuity in
humans have produced conflicting results. Henkin and coworkers (1975)
reported decreased taste and smell acuity in six patients given 8 to 65 g of
histidine/d for up to 24 days. In view of the increased urinary excretion of
zinc and a decreased concentration of serum zinc, the authors postulated
that the effects of histidine administration were due to a zinc-deficient
state. In a study of eight healthy men given 4 g/d of histidine for 2 weeks,
no effects on smell or taste acuity were reported (Schechter and Prakash,
1979). Similarly, Geliebter and coworkers (1981) failed to find any effect
of L-histidine on taste and smell after oral dosing of L-histidine between
24 and 64 g/d for 4 weeks. Even at the lower dose (4 g/d), adverse effects
such as headaches, weakness, drowsiness, and nausea were reported, while
at the highest doses (24 and 64 g/d) anorexia, painful sensations in the
eyes, and changes in visual acuity were reported in two females.

Zlotkin (1989) reported an approximate 70 percent increase in urinary
zinc excretion in infants on TPN when the fluid contained 165 mg of
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histidine/kg body weight/d compared to 95 mg/kg body weight/d in
controls. Although the study examined parental administration, it pro-
vides further evidence that excess histidine intake in humans can lead to
histidine/zinc interactions that might lead to a zinc-deficient state.

Dose–Response Assessment

In experimental animals, the only dose–response study on the chronic
oral administration of L-histidine was that of Ikezaki and coworkers (1996).
However, this study utilized only two doses, neither of which demonstrated
any adverse effects. In addition, no data were reported on the possible
effect of the doses on zinc or copper metabolism, an effect reported in
both humans and experimental animals.

None of the studies in humans on the effects of L-histidine were
designed for developing a UL—they were designed to study the efficacy of
utilizing L-histidine as a therapeutic agent in certain disease states. They
provide only minimal support for the evaluation of a UL for histidine for
apparently healthy individuals. The chronic study on the effects of orally
administered histidine in rodents was not considered appropriate for the
development of a UL.

There is evidence in humans that doses of L-histidine between 4 and
4.5 g/d over the amounts found in the diet do not result in adverse effects.
However, this evidence should be considered tentative given the few indi-
viduals studied and lack of dose–response information. There is evidence
from studies in experimental animals and humans that intakes of high
levels of histidine can alter copper and zinc metabolism. However, the lack
of dose–response data precludes identifying the intake concentrations in
humans required to elicit such responses.

In conclusion, the available scientific data are not adequate to derive a
UL for the chronic oral intake of L-histidine from supplements.

Lysine

L-Lysine, a dibasic amino acid, is indispensable in humans. Lysine, as
well as threonine, does not participate in transamination reactions.
Carnitine is required for the transport of long-chain fatty acids and is
synthesized from lysine and methionine in the liver and kidney (Mayes,
1990). Based on distribution data from the 1988–1994 NHANES III, the
mean daily intake for all life stage and gender groups of lysine from food
and supplements is 5.3 g/d (Appendix Table D-11). Men 51 through
70 years of age had the highest intakes at the 99th percentile of 12.6 g/d.
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Hazard Identification

Acute intake of high levels of lysine interferes with dietary protein
metabolism and competes with the transport of arginine, suggesting that
adverse effects from high levels of lysine are more likely to occur if protein
intake or dietary arginine intake is low. Intravenous L-lysine (16.5 to 41.3 g/d
in young men) has been shown to inhibit renal tubular protein reabsorp-
tion (Mogensen and Solling, 1977). L-Lysine shares an intestinal transport
system with L-arginine (McCarthy et al., 1964; Rosenberg et al., 1966), and
competes with L-arginine for reabsorption from renal tubules (Kamin and
Handler, 1951; Webber et al., 1961). In addition, increased liver total
lipids, triacylglycerol, and cholesterol concentrations were seen in rats fed
5 percent L-lysine and 15 percent casein for 2 weeks (Hevia et al., 1980a),
an effect that can be reversed by feeding arginine (Hevia et al., 1980b).

Acute Adverse Effects in Animals. Administration of lysine to pregnant
rats does not appear to result in gross morphological changes, but higher
fetal mortality and decreases in maternal and fetal body and brain weights
have been found (Cohlan and Stone, 1961; Funk et al., 1991, Matsueda
and Niiyama, 1982).

Adverse Effects in Humans. Studies of lysine tolerance of human infants
have not found adverse effects. In one study, six infants (4 to 11 months of
age) were given 60 to 1,080 mg of lysine monohydrochloride per 8 ounces
of milk in a series of seven incremental doses for 3 to 4 days at each dose.
No behavioral effects were observed, nor was there anorexia, diarrhea, or
other signs of gastrointestinal upset, and no evidence of cystinuria (Dubow
et al., 1958). Similarly, no adverse effects were reported when 1- to
5-month-old infants were given up to 220 mg/kg body weight of lysine for
15 days (Snyderman et al., 1959b).

Higher plasma and urinary concentrations of carnitine were found in
six healthy adult males given a single 5-g oral dose of lysine (Vijayasarathy
et al., 1987). In another study of eight healthy males (15 to 20 years of
age) given a single oral dose of 1.2 g of L-lysine hydrochloride, growth
hormone release was not significantly stimulated and no side effects were
reported (Isidori et al., 1981).

Several clinical trials of lysine intakes from 0.6 to 3.0 g/d for 3 to
6 months in people with herpes infections have, in general, not found or
reported any adverse effects (DiGiovanna and Blank, 1984, 1985; Griffith
et al., 1978, 1987; McCune et al., 1984; Milman et al., 1980; Simon et al.,
1985; Thein and Hurt, 1984). The one adverse effect was an upset stomach
in 3 of 27 patients given 3 g/d of L-lysine hydrochloride for 6 months and
in 1 of the 25 controls (Griffith et al., 1987).
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A limitation of these clinical studies is that they were done in humans
with a disease. Also, the longest study was only 6 months. Finally, only a
limited number of endpoints were investigated. McCune and coworkers
(1984) reported no effects on plasma sodium, potassium, and chloride
in 41 patients treated for 24 weeks with 1,248 mg/d of L-lysine
monohydrochloride.

Dose–Response Assessment

As mentioned above, very few adverse effects of L-lysine have been
observed in humans or animals after high, mostly acute, doses. Thus, the
data on the adverse effects of L-lysine from supplements were considered
not sufficient for a dose–response assessment and derivation of a UL for
apparently healthy humans.

Methionine

L-Methionine is an indispensable amino acid with glycogenic proper-
ties. In animal studies, it has been described as one of the more toxic
amino acids (Health and Welfare Canada, 1990). Humans, as well as other
mammals, cannot fix inorganic sulfur into organic molecules and must
rely on ingested sulfur amino acids, such as methionine, for the synthesis
of protein and biologically active sulfur. Based on distribution data from
the 1988–1994 NHANES III, the mean daily intake for all life stage and
gender groups of methionine from food and supplements is 1.8 g/d
(Appendix Table D-12). Men 51 through 70 years of age had the highest
intakes at the 99th percentile of 4.1 g/d.

Hazard Identification

Adverse Effects in Animals. Dietary excesses of L-methionine (2.7 per-
cent of the diet) for 6, 13, or 20 days have been associated with erythrocyte
engorgement and accumulation of hemosiderine in rats (Benevenga et al.,
1976), and there was a depression of growth and splenic damage. A single
dietary dose (2.7 percent of the diet) of L-methionine decreased body
growth and also reduced food intake in rats (Steele et al., 1979).

Dietary intakes of 2 to 4 percent of L-methionine caused slight changes
in liver cells in rats (Stekol and Szaran, 1962) and slight decreases in liver
iron content (Klavins et al., 1963). Darkened spleens caused by increases
in iron deposition have been observed in weanling rats fed 1.8 percent
methionine diets for 28 days (Celander and George, 1963).



726 DIETARY REFERENCE INTAKES

Viau and Leathem (1973) fed pregnant rats 4 percent of their diet as
methionine and reported subnormal fetal and placental weights. How-
ever, supplemental methionine prevented neural tube defects in rat
embryos treated with teratogenic antivisceral yolk sac serum (Fawcett et
al., 2000). In the mouse, the administration of methionine reduced
experimentally induced spina bifida (Ehlers et al., 1994). Other studies in
rodent and primate models support the beneficial effect of methionine
supplementation in improving pregnancy outcomes (Chambers et al.,
1995; Chatot et al., 1984; Coelho and Klein, 1990; Ferrari et al., 1994;
Moephuli et al., 1997).

Adverse Effects in Humans. Single oral doses of about 0.6 g (adults) and
0.08 g (infants) led to increased plasma levels of L-methionine and
L-alanine, and decreased plasma concentrations of leucine, isoleucine,
valine, tyrosine, tryptophan, and phenylalanine (Stegink et al., 1980, 1982b).
Neither report included mention of any adverse effects. Methionine
supplements (5 g/d) for periods of weeks were reportedly innocuous in
humans (Health and Welfare Canada, 1990). A single oral dose of 7 g has
been associated with increased plasma concentrations of methionine and
the presence of mixed sulfides (Brattstrom et al., 1984). Single oral doses
of 7 g produced lethargy in six individuals and oral administration of 10.5 g
of L-methionine to one produced nausea and vomiting (Perry et al., 1965).
After an oral administration of 8 g/d of methionine (isomer not specified)
for 4 days, serum folate concentrations were decreased in five otherwise
healthy adults (Connor et al., 1978).

High doses of methionine (~100 mg/kg of body weight) led to
elevated plasma methionine and homocysteine concentrations (Brattstrom
et al., 1984, 1990; Clarke et al., 1991; Wilcken et al., 1983). Thus, it was
concluded that elevated plasma homocysteine concentrations may be a
risk factor for coronary disease (Clarke et al., 1991).

Infants more rapidly metabolized methionine than adults (Stegink et
al., 1982b). In women whose average daily intake of methionine was above
the lowest quartile of intake (greater than 1.34 g/d), a 30 to 40 percent
reduction in neural tube defect-affected pregnancies was observed (Shaw
et al., 1997). These reductions were observed for both anencephaly and
spina bifida.

Dose–Response Assessment

There are no adequate data to characterize a dose–response relationship
for L-methionine. Thus the data on the adverse effects of L-methionine
from supplements were considered not sufficient for a dose–response
assessment and derivation of a UL for apparently healthy humans.
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Phenylalanine

L-Phenylalanine is an indispensable amino acid that has both glycogenic
and ketogenic properties. Based on distribution data from the 1988–1994
NHANES III, the mean daily intake for all life stage and gender groups of
phenylalanine from food and supplements is 3.4 g/d (Appendix Table D-13).
Men 31 through 50 years of age had the highest intakes at the 99th per-
centile of 7.7 g/d. About 16 percent of the ingested L-phenylalanine is
converted to tyrosine in humans (Clarke and Bier, 1982). Unlike most
other amino acids, excessive ingestion of L-phenylalanine can be compli-
cated by the coexistence of genetic disorders.

Hazard Identification

Adverse Effects in Animals. Because of major species differences in
phenylalanine metabolism between humans and rodents (Clarke and
Bier, 1982; Moldawer et al., 1983), studies in which high doses of
L-phenylalanine were fed to rodents could not be utilized in developing a
UL for L-phenylalanine. There is one study indicating that high concen-
trations of L-phenylalanine (3 g/kg body weight/d) fed to monkeys from
a few days after birth until 2 or 3 years of age can produce irreversible
brain damage (Waisman and Harlow, 1965). However, this study does not
provide any dose–response data to utilize in determining a UL.

Adverse Effects in Humans. Data are not available on the effects of
chronic ingestion of supplemental phenylalanine by apparently healthy
adults. Adverse effects were not evident following acute single oral doses
of L-phenylalanine as high as l0 g in 13 adult men (Ryan-Harshman et al.,
1987).

Most of the literature on the consumption of large doses of
L–phenylalanine consists of studies on the effects of large doses of the
artificial sweetener aspartame, which is 50 percent by weight phenylalanine.
In adults given oral doses of aspartame ranging from 4 to 200 mg/kg of
body weight (2 to 100 mg/kg of body weight L-phenylalanine), dose-related
increases in plasma phenylalanine were observed (Filer and Stegink, 1988).
Ingestion of single doses up to 60 mg/kg of body weight aspartame (30 mg/kg
of body weight L-phenylalanine) by normal weight adults had no effect on
behavior or cognitive performance (Lieberman et al., 1988; Stokes et al.,
1991).
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Dose–Response Assessment

The data on the adverse effects of L-phenylalanine intake from supple-
ments were not available for a dose–response assessment and derivation of
a UL in apparently healthy humans.

Special Considerations

Phenylketonuria (PKU) is a genetic disorder that impairs phenylalanine
hydroxylase (PAH) activity. Impaired PAH activity allows phenylalanine or
its catabolic byproducts to accumulate above normal levels in the plasma
during critical periods of brain development. Persistently elevated levels of
L-phenylalanine in the plasma before and during infancy and childhood
can result in irreversible brain damage, growth retardation, and dermato-
logic abnormalities if dietary phenylalanine is not restricted within 1 month
of birth and continued at least through childhood and adolescence
(Scriver et al., 1989). Restriction of phenylalanine intake throughout life
in PKU patients is necessary to keep plasma phenylalanine levels low and
to promote normal growth and brain development (Scriver et al., 1989). If
PKU is detected early and treated effectively through strict metabolic
control, infants can live a normal life-span (Hellekson, 2001). In the
United States, approximately 1 of every 15,000 infants is born with PKU
(Hellekson, 2001).

Maternal hyperphenylalaninemia due to deficient phenylalanine
hydroxylation is a recognized human teratogen (Lenke and Levy, 1980).
Because phenylalanine is actively transported across the placenta (Kudo
and Boyd, 1990), a pregnant woman with PKU exposes her developing
fetus to potentially harmful levels of phenylalanine. High maternal plasma
phenylalanine levels are associated with high incidence of mental retarda-
tion, microcephaly, intrauterine growth delay, and congenital heart
malformations in the fetus (Scriver et al., 1989). The fetal demand for
phenylalanine for protein synthesis is exceeded by the placental supply of
L-phenylalanine by only a small amount, suggesting that the safety margin
of placental transfer may be small (Chien et al., 1993). Careful mainte-
nance of plasma phenylalanine levels in the mother through dietary
control, before conception and throughout her pregnancy, may prevent
the teratogenic effects of phenylalanine.

Proline

L-Proline is a dispensable amino acid that can be formed from and
converted to glutamic acid. It is incorporated into tissue proteins and can
then be hydroxylated to form hydroxproline. Both proline and hydroxy-
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proline are found in large quantities in collagen. Based on distribution
data from the 1988–1994 NHANES III, the mean daily intake for all life
stage and gender groups of proline from food and supplements is 5.2 g/d
(Appendix Table D-14). Boys 14 through 18 years of age had the highest
intakes at the 99th percentile of 12.0 g/d.

Hazard Identification

Adverse Effects in Animals. There are minimal data on the adverse
effects of L-proline in either experimental animals or humans. Female
Sprague Dawley rats given L-proline in drinking water for 1 month (mean
dose 50 mg/kg body weight/d) did not exhibit any adverse effects (Kampel
et al., 1990).

Genetically hyperprolinemic mice have 6 to 7 times the concentration
of proline in the brain as control animals and 10 times the concentration
of proline in plasma (Baxter et al., 1985). Hyperprolinemic hybrid mice
took longer than control mice to make an initial avoidance response to
foot shock in a T-maze and required more trials before learning of the
avoidance response (Baxter et al., 1985). No other studies in experimental
animals relevant to the evaluation of the toxicity of orally administered
L-proline or hydroxyproline could be found.

Adverse Effects in Humans. The only study in humans on the effects of
long-term oral administration of proline was a clinical study on the
efficacy of proline (isomer not specified) to alter the progression of gyrate
atrophy of the choriod and retina (Hayasaka et al., 1985). Four patients
(aged 4 to 32 years) were treated with doses of proline between 2 and 10 g/d
(mode = 3 g/d) for up to 5 years. No overt adverse effects were reported;
however, it was uncertain from the paper which effects were studied.

Dose–Response Assessment

The data on adverse effects of L-proline intake from supplements were
not available for a dose–response assessment and derivation of a UL in
apparently healthy individuals.

Serine

Serine is a dispensable amino acid that is synthesized endogenously
from D-3 phosphoglycerate or glycine. Based on distribution data from
the 1988–1994 NHANES III, the mean daily intake for all life stage and
gender groups of serine from food and supplements is 3.5 g/d (Appendix
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Table D-15). Men 31 through 50 years of age had the highest intakes at the
99th percentile of 7.9 g/d.

Hazard Identification

Adverse Effects in Animals. There are limited data pertaining to the
toxicity of supplemental serine. In rats given 100 mg/d of L-serine via
stomach tube for 14 days, there was a decrease in food consumption but
no other effects were noted (Artom et al., 1945). Other authors (Morehead
et al., 1945; Wachstein, 1947) have reported that supplemental L-serine at
levels as low as 10 mg/d resulted in decreased appetite, increased mortality,
and renal necrosis in rats.

Adverse Effects in Humans. In four healthy adults given a single oral
dose of 15 g of serine, no adverse effects were reported (Pepplinkhuizen
et al., 1980). There are no studies in humans that would permit an evalua-
tion of the possible adverse effects of repeated administration, thus the
safety of repeated dose oral administration of supplemental serine cannot
be assessed.

Dose–Response Assessment

The data on the adverse effects of L-serine intake from supplements
were not available for a dose–response assessment and derivation of a UL
in apparently healthy humans.

Threonine

L-Threonine is a large neutral amino acid that is indispensable. Simi-
lar to L-lysine, L-threonine does not take part in transamination reactions.
Based on distribution data from the 1988–1994 NHANES III, the mean
daily intake for all life stage and gender groups of threonine from food
and supplements is 3.0 g/d (Appendix Table D-16). Men 51 through
70 years of age had the highest intakes at the 99th percentile of 7.1 g/d.

Hazard Identification

Adverse Effects in Animals. In rats fed 5 percent threonine added to a
10 percent casein diet, weight gain was reduced compared to controls fed
casein alone but there were no changes in liver weight or hepatic DNA,
RNA, or protein content (Muramatsu et al., 1971). The evidence indicates
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that excess threonine is converted to carbohydrate, liver lipids, and carbon
dioxide (Yamashita and Ashida, 1971). In weanling pigs, adding 0.5, 1, 2,
or 4 percent L-threonine to a 20 percent crude protein diet did not change
weight gain, food intake, and gain:feed ratios in comparison to the con-
trols (Edmonds and Baker, 1987; Edmonds et al., 1987).

Adverse Effects in Humans. No data were found on apparently healthy
humans given oral L-threonoine supplements. However, L-threonine has
been used clinically with the aim of increasing glycine concentrations in
the cerebral spinal fluid of patients with spasticity. When given in amounts
of 4.5 to 6.0 g/d for 14 days, no adverse clinical effects were noted in such
patients (Growdon et al., 1991). Threonine also has been studied in low
birth weight infants. In a study of 163 low birth weight infants, threonine
serum concentrations were directly related to the threonine concentra-
tions of the formula (Rigo and Senterre, 1980). The authors suggested
that threonine intakes should not exceed about 140 mg/kg body weight/d
for premature infants.

Dose–Response Assessment

The data on the adverse effects of L-threonine intake from supple-
ments were not available for a dose–response assessment and derivation of
a UL in apparently healthy humans.

Tryptophan

L-Tryptophan, an indispensable amino acid, serves as a precursor for
several small molecules of functional significance including the vitamin
niacin, the neurotransmitter serotonin, the metabolite tryptamine, and
the pineal hormone melatonin. Increases in tryptophan have been shown
to increase synthesis of the neurotransmitters in brain, blood, and other
body organs (Fregly et al., 1989; Leathwood and Fernstrom, 1990; Young,
1986). Based on distribution data from the 1988–1994 NHANES III, the
mean daily intake for all life stage and gender groups of tryptophan from
food and supplements is 0.9 g/d (Appendix Table D-17). Men 51 through
70 years of age had the highest intakes at the 99th percentile of 2.1 g/d.

Hazard Identification

Adverse Effects in Animals. Several rodent studies have demonstrated
that supplementation of low-protein diets with L-tryptophan (5 percent)
reduces food intake and weight gain over a 4-day to 4-week period
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(reviewed by Benevenga and Steele, 1984; Harper et al., 1970). Funk and
coworkers (1991) found that rats given a 20 percent casein diet supple-
mented with 14.3 percent tryptophan for 4 weeks developed scaly tails and
thinning hair. However, no adverse effects were seen when the diets con-
tained 1.4 or 2.9 percent L-tryptophan. No cancers were observed over an
80-week period when rats were fed diets containing 2 percent added
L-tryptophan (Birt et al., 1987). Addition of 2.5 or 5 percent L-tryptophan
to diets of rats and mice for 2 years resulted in decreased body weights of
male and female mice and male (but not female) rats (DHEW, 1978). In
pigs, supplementation with 0.1 or 1 percent L-tryptophan for up to 40 days
did not affect weight gain, but 2 or 4 percent decreased weight gain
and 4 percent also decreased food intake (Chung et al., 1991).

Several developmental studies have shown that maternal weight gain is
impaired and fetal weight is reduced when maternal rat diets are supple-
mented with 1.4 to 6 percent L-tryptophan (Funk et al., 1991; Matsueda
and Niiyama, 1982). Decreased brain weights were observed when 1 percent
L-tryptophan was added to diets of male and female rats beginning 2 weeks
before mating (Thoemke and Huether, 1984). Over three successive gen-
erations, brain weights decreased with each generation.

Adverse Effects in Humans. Serotonin and its metabolite 5-hydroxy-
indoleacetic acid (5-HIAA) in human blood and brain cerebrospinal fluid
(CSF) increase after tryptophan loading, which is similar to the effects of
L-tryptophan in animals. For example, Young and Gauthier (1981) found
elevations in blood and 5-HIAA and CSF serotonin after single doses of 3 or
6 g of L-tryptophan. However, Benedict and coworkers (1983) conducted
a double-blind, placebo-controlled trial in six normal men fed 3 g/d of
L-tryptophan in divided doses with meals for 3 days, and found a 113 percent
elevation in plasma tryptophan, but no changes in platelet or plasma sero-
tonin or in plasma catecholamines. They also found no changes in urinary
catecholamines. Additionally, they found no changes in blood pressure,
heart rate, plasma sodium levels or 24-hour sodium excretion in urine.

L-Tryptophan administration (2 g) as a single dose before a meal has
been found to decrease subjective hunger ratings, food intake, and alert-
ness in men (Hrboticky et al., 1985), but not women (Leiter et al., 1987).
Hrboticky and coworkers (1985) also tested 15 humans only once with 0,
1, 2, and 3 g of L-tryptophan. Individuals receiving 2 and 3 g of L-tryptophan
had decreased hunger and alertness and increased faintness and dizziness.
Administration of 1 g of L-tryptophan with 10 g of carbohydrates before
each meal (3 g L-tryptophan/d) for 3 months did not affect body weight
of obese humans (Strain et al., 1985). Wurtman and coworkers (1981)
found that daily doses of 2.4 g of L-tryptophan for 2 weeks did not produce a
significant reduction in the consumption of carbohydrate snacks in the
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majority of the 24 individuals. Ten healthy adults given 5 g of L-tryptophan
in a double-blind, placebo-controlled study reported severe nausea and
headache and increased drowsiness soon after ingestion (Greenwood et
al., 1975).

Smith and Prockop (1962) reported sustained nystagmus and drowsiness
in seven adults given 70 and 90 mg/kg of body weight of L-tryptophan
orally in single doses, but found that these effects were absent at 30 or
50 mg/kg. However, Lieberman and coworkers (1985) reported decreased
self-ratings of vigor and alertness and increased subjective fatigue in
20 men treated with a single oral dose of 50 mg/kg of tryptophan. Yuwiler
and coworkers (1981) also reported that five individuals given 50 or
100 mg/kg/d of L-tryptophan as a single dose or 50 mg/kg/d for 14 days
experienced prolonged lethargy and drowsiness within 30 minutes of inges-
tion under all loading conditions.

Newborns (2 to 3 days of age) given infant formula supplemented
with L-tryptophan (about 20 mg) were found to enter active and then
quiet sleep sooner than those newborns given unsupplemented formula
(Yogman and Zeisel, 1983). In a later study, these same investigators found
that low doses of L-tryptophan have sleep-inducing properties in full-term
infants (Yogman and Zeisel, 1985).

Finally, retrospective studies covering the time prior to the 1989
eosinophilia-myalgia syndrome (EMS) outbreak—thought to be caused by
L-tryptophan contaminated with 1,1-ethylidene-bis[tryptophan] (EBT)—
indicate that use of L-tryptophan alone may increase risk of eosinophilic
fasciitis. Blauvelt and Falanga (1991) examined the history of L-tryptophan
use in 49 patients with cutaneous fibrosis. Eleven of 17 patients reported
using L-tryptophan prior to onset of eosinophilic fasciitis, as did two of ten
patients with localized scleroderma, but use of L-tryptophan was not reported
in any of 22 patients with systemic sclerosis. Intakes of L-tryptophan were
from 0.5 to 5 g/d for 1 month to 10 years before the onset of symptoms of
eosinophilic fasciitis were noted. L-tryptophan use in individuals with
localized scleroderma occurred for 3 or 10 months before onset of
symptoms, and intake was 1.5 to 2 g/d. Hibbs and coworkers (1992) found
that 9 of 45 patients with eosinophilic fasciitis used 0.5 to 2.5 g/d of
L-tryptophan for 1 month to 10 years before symptom onset. It is
unknown whether or not these results occurred because of impurities in
the L-tryptophan supplements.

Dose–Response Assessment

Taken together, the above studies in humans indicate that relatively
short-term (acute and subacute) use of L-tryptophan is associated with
appetite suppression, nausea, and drowsiness. However, in the absence of
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data on the relationship between chronic consumption of L-tryptophan
and the potential for adverse effects, and because of continuing uncer-
tainty of the possible role of L-tryptophan in the development of eosino-
philic fasciitis, a UL was not established for L-tryptophan.

Tyrosine

L-Tyrosine is considered a conditionally indispensable amino acid
because it can be synthesized from L-phenylalanine in the liver. L-Tyrosine is
a precursor of several biologically active substances, including catecholamine
neurotransmitters, hormones, and melanin skin pigments. Based on distri-
bution data from the 1988–1994 NHANES III, the mean daily intake for all
life stage and gender groups of tyrosine from food and supplements is
2.8 g/d (Appendix Table D-18). Men 31 through 50 years of age had the
highest intakes at the 99th percentile of 6.4 g/d.

Hazard Identification

Adverse Effects in Animals. In the mouse with elevated tissue concentra-
tions of tyrosine, decarboxylation to tyramine becomes increasingly impor-
tant, reducing lethality (David et al., 1974). Evidence has been provided
that hepatic biotransformation of tyrosine yields a toxic metabolite, possibly
an epoxide (David, 1976).

In rodents, feeding studies document the toxicity of large supplements
of L-tyrosine (Benevenga and Steele, 1984; Harper et al., 1970). Effects of
tyrosine on weight-gain suppression are a function of the protein content
of the diet. For example, feeding rats a low-protein diet, 6 or 9 percent
casein, retarded weight gain over a 3-week period. This effect of an
inadequate protein intake was exacerbated by the addition of 3 to 8 per-
cent L-tyrosine in the diet (Ip and Harper, 1973). With higher protein
intakes of 15 or 24 percent, the toxicity of L-tyrosine was reduced, although
8 percent L-tyrosine still resulted in mortality.

Gipson and coworkers (1975) reported corneal lesions in rats fed
L-tyrosine. Subsequently, Rich and coworkers (1973) reported that young
adult Simonson albino or Long-Evans pigmented rats fed diets containing
5 or 10 percent L-tyrosine for 15 days developed elevated serum tyrosine
levels and experienced reduced weight gain. At 10 percent L-tyrosine in
the diet, deaths occurred within 10 days. Corneal disease was the first sign
of toxicity; keratopathy was evident by 1 day and progressed in severity.
The change began as haziness of the cornea, followed by opacities, and
vascularization. The corneal changes were accompanied by elevations of
tyrosine concentration in the aqueous humor.
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Thoemke and Huether (1984) fed 8-week-old rats a diet containing
2.64 percent L-tyrosine. Rats were fed the diet for 2 weeks prior to mating
and continually for three generations. No details were reported on overall
pregnancy outcomes or behavioral endpoints. Brain weight was measured
in all three generations and no differences were seen except at days 15
and 20 postpartum in the F2 generation (92 and 95 percent of controls).
Serum concentration of tyrosine of F3 generation rats was increased at
postnatal day 5.

Adverse Effects in Humans. No adverse effects have been reported for
L-tyrosine from food. Large single doses of L-tyrosine (500 mg/kg/d) or
smaller daily doses (100 mg/kg/d) have not been associated with any
adverse affects (Al-Damluji et al., 1988; Glaeser et al., 1979; Sole et al.,
1985). Nevertheless, the occurrence of corneal and skin lesions in humans
with the autosomal recessive genetic disease, tyrosinemia II, in which
tyrosine blood levels can be elevated tenfold, suggests that high chronic
intakes leading to high-sustained concentrations of tyrosine in plasma and
tissues may have adverse effects.

Single oral doses of 100 or 150 mg/kg of L-tyrosine administered to
humans lead to a two- to threefold increase in plasma tyrosine concentra-
tions (Cuche et al., 1985; Glaeser et al., 1979) and in urinary excretion of
catecholamines and their metabolites (Alonso et al., 1982). Similar
amounts given over the day in three equal doses result in similar incre-
ments in plasma tyrosine (Benedict et al., 1983; Melamed et al., 1980) and
an increase in urinary catecholamines (Agharanya et al., 1981) and their
metabolites (Alonso et al., 1982). Tyrosine given at 7.5 g/d decreased both
free and conjugated plasma norepinephrine concentrations (Benedict et
al., 1983). An increase in the dopamine metabolite, homovanillic acid, has
been found in cerebral spinal fluid after L-tyrosine loads (Growdon et al.,
1982).

Loads of L-tyrosine of 100 to 150 mg/kg/d have not been found to
have any adverse effects on physiological systems (Benedict et al., 1983;
Glaeser et al., 1979; Neri et al., 1995). In 13 patients with mild hyperten-
sion and given 2.5 g of L-tyrosine for 2 weeks, blood tyrosine was doubled
2 hours after the supplement, but no differences were found in systolic,
diastolic, or mean blood pressure, heart rate, or plasma nonepinephrine
(Sole et al., 1985). No data on blood concentrations in humans predictive
of corneal lesions are available.
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Dose–Response Assessment

In the absence of dose response data to describe more fully the rela-
tionship of L-tyrosine loads to alteration in catecholamine synthesis, physi-
ological function, and corneal lesions in humans, a UL for L-tyrosine
cannot be set for apparently healthy humans.

Intake Assessment

Although no ULs could be set for any of the amino acids, highest
median and 99th percentile intakes for the amino acids are found in
Table 10-29. All amino acids had their highest median intake for any life
stage and gender group in men aged 19 through 30 years. The highest
intakes at the 99th percentile were also found in men, with those 51

TABLE 10-29 Highest Median and 99th Percentile of Usual
Daily Intake of Amino Acids, United States, Third National
Health and Nutrition Examination Survey, 1998–1994

Highest Median Highest 99th Percentile of
Amino Acid Intakea (g/d) Intake (g/d)

Alanine 5.2 8.5b

Arginine 5.9 10.1b

Aspartic acid 9.2 15.4c

Cysteine 1.4 2.2b

Glutamic acid 21.1 33.7c

Glycine 4.6 7.8a

Histidine 3.1 5.2b

Isoleucine 4.9 8.2b

Leucine 8.5 14.1b

Lysine 7.5 12.6b

Methionine 2.5 4.1b

Phenylalanine 4.8 7.7c

Proline 7.2 12.0d

Serine 4.8 7.9c

Threonine 4.2 7.1b

Tryptophan 1.3 2.1b

Tyrosine 3.9 6.4c

Valine 5.5 9.1b

a Males, 19–30 y.
b Males, 51–70 y.
c Males, 31–50 y.
d Males, 14–18 y.
NOTE: Data are from Appendix Tables D-2 through D-19.
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through 70 years of age consuming the highest intakes for the majority of
the amino acids surveyed.

Risk Characterization

Since there is no evidence that amino acids derived from usual or
even high intakes of protein from food present any risk, attention was
focused on intakes of the L-form of the amino acid found in dietary pro-
tein and amino acid supplements. Even from well-studied amino acids,
adequate dose–response data from human or animal studies on which to
base a UL were not available, but this does not mean that there is no
potential for adverse effects resulting from high intakes of amino acids
from dietary supplements. Since data on the adverse effects of high levels
of amino acids intakes from dietary supplements are limited, caution may
be warranted.

RESEARCH RECOMMENDATIONS

• Research is needed on high-protein intakes (>145 mg N/kg/d) in
relationship to positive nitrogen balance and requirement estimates,
metabolic and possible toxic effects in children and adults, and pathways
affected by these high intakes.

• More data are needed on indispensable amino acid requirements
for infants, children, and adolescents, as they are very sparse.

• Few studies on additional needs for protein during pregnancy, includ-
ing estimates of changes in efficiency of conversion of dietary protein for
maintenance and tissue accretion, are available. Thus more studies con-
ducted during the length of pregnancy are needed.

• New methods, other than nitrogen balance, need to be validated to
determine protein requirements, particularly in regard to long-term
health.

• The role of the gastrointestinal system in the metabolism of amino
acids, the nature of the amino acid losses, and the extent of synthesis of
indispensable amino acids need to be investigated.

• Research on adaptation mechanisms at various intakes of protein is
needed.

• Currently protein data for the elderly are sparse and more data are
needed. Available data for the very elderly, namely those from 80 to
100 years of age, consists of only two or three adults in their early 80s, and
thus studies conducted with this age group need to be done.

• Since ULs could not be established for any of the amino acids (some
of which are known to result in toxic effects at high doses) due to insuffi-
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cient data on dose–response relationships, more data are needed on
adverse effects of high intakes of amino acids.
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11
Macronutrients and

Healthful Diets

SUMMARY

Acceptable Macronutrient Distribution Ranges (AMDRs) for indi-
viduals have been set for carbohydrate, fat, n-6 and n-3 poly-
unsaturated fatty acids, and protein based on evidence from
interventional trials, with support of epidemiological evidence that
suggests a role in the prevention or increased risk of chronic dis-
eases, and based on ensuring sufficient intakes of essential nutrients.

The AMDR for fat and carbohydrate is estimated to be 20 to 35
and 45 to 65 percent of energy for adults, respectively. These
AMDRs are estimated based on evidence indicating a risk for coro-
nary heart disease (CHD) at low intakes of fat and high intakes of
carbohydrate and on evidence for increased risk for obesity and
its complications (including CHD) at high intakes of fat. Because
the evidence is less clear on whether low or high fat intakes during
childhood can lead to increased risk of chronic diseases later in
life, the estimated AMDRs for fat for children are primarily based
on a transition from the high fat intakes that occur during infancy
to the lower adult AMDR. The AMDR for fat is 30 to 40 percent of
energy for children 1 to 3 years of age and 25 to 35 percent
of energy for children 4 to 18 years of age. The AMDR for carbo-
hydrate for children is the same as that for adults—45 to 65 percent
of energy. The AMDR for protein is 10 to 35 percent of energy for
adults and 5 to 20 percent and 10 to 30 percent for children 1
to 3 years of age and 4 to 18 years of age, respectively.
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Based on usual median intakes of energy, it is estimated that a
lower boundary level of 5 percent of energy will meet the Adequate
Intake (AI) for linoleic acid (Chapter 8). An upper boundary for
linoleic acid is set at 10 percent of energy for three reasons:
(1) individual dietary intakes in the North American population
rarely exceed 10 percent of energy, (2) epidemiological evidence
for the safety of intakes greater than 10 percent of energy are
generally lacking, and (3) high intakes of linoleic acid create a
pro-oxidant state that may predispose to several chronic diseases,
such as CHD and cancer. Therefore, an AMDR of 5 to 10 percent
of energy is estimated for n-6 polyunsaturated fatty acids (linoleic
acid).

An AMDR for α-linolenic acid is estimated to be 0.6 to 1.2 percent
of energy. The lower boundary of the range meets the AI for
α-linolenic acid (Chapter 8). The upper boundary corresponds to
the highest α-linolenic acid intakes from foods consumed by indi-
viduals in the United States and Canada. A growing body of litera-
ture suggests that higher intakes of α-linolenic acid, eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA) may afford some
degree of protection against CHD. Because the physiological
potency of EPA and DHA is much greater than that for α-linolenic
acid, it is not possible to estimate one AMDR for all n-3 fatty acids.
Approximately 10 percent of the AMDR can be consumed as EPA
and/or DHA.

No more than 25 percent of energy should be consumed as added
sugars. This maximal intake level is based on ensuring sufficient
intakes of certain essential micronutrients that are not present in
foods and beverages that contain added sugars. A daily intake of
added sugars that individuals should aim for to achieve a healthy
diet was not set.

A Tolerable Upper Intake Level (UL) was not set for saturated
fatty acids, trans fatty acids, or cholesterol (see Chapters 8 and 9).
This chapter provides some guidance in ways of minimizing the
intakes of these three nutrients while consuming a nutritionally
adequate diet.

INTRODUCTION

Unlike micronutrients, macronutrients (fat, carbohydrate, and pro-
tein) are sources of body fuel that can be used somewhat interchangeably.
Thus, for a certain level of energy intake, increasing the proportion of one
macronutrient necessitates decreasing the proportion of one or both of
the other macronutrients. The majority of energy is consumed as carbo-
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hydrate (approximately 35 to 70 percent, primarily as starch and sugars),
and fat (approximately 20 to 45 percent), while the contribution of protein
to energy intake is smaller and less varied (10 to 23 percent) (Appendix
Tables E-3, E-6, and E-17). Therefore, a high fat diet (high percent of
energy from fat) is usually low in carbohydrate and vice versa. In addition
to these macronutrients, alcohol can provide on average up to 3 percent
of energy of the adult diet (Appendix Table E-18).

A small amount of carbohydrate and as n-6 (linoleic acid) and n-3
(α-linolenic acid) polyunsaturated fatty acids and a number of amino acids
that are essential for metabolic and physiological processes, are needed by
the brain. The amounts needed, however, each constitute only a small
percentage of total energy requirements. Food sources vary in their con-
tent of particular macro- and micronutrients. While some nutrients are
present in both animal- and plant-derived foods, others are only present
or are more abundant in either animal or plant foods. For example,
animal-derived foods contain significant amounts of protein, saturated fatty
acids, long-chain n-3 polyunsaturated fatty acids, and the micronutrients
iron, zinc, and vitamin B12, while plant-derived foods provide greater
amounts of carbohydrate, Dietary Fiber, linoleic and α-linolenic acids, and
micronutrients such as vitamin C and the B vitamins. It may be difficult to
achieve sufficient intakes of certain micronutrients when consuming foods
that contain very low amounts of a particular macronutrient. Alternatively,
if intake of certain macronutrients from nutrient-poor sources is too high,
it may also be difficult to consume sufficient micronutrients and still
remain in energy balance. Therefore, a diet containing a variety of foods is
considered the best approach to ensure sufficient intakes of all nutrients.
This concept is not new and has been part of nutrition education pro-
grams since the early 1900s. For example, the first U.S. food guide was
developed by the U.S. Department of Agriculture in 1916 and suggested
consumption of a combination of five different food groups (Guthrie and
Derby, 1998). This food guide has evolved to become known as the Food
Guide Pyramid (USDA, 1996). Similarly, Canada has developed Canada’s
Food Guide to Healthy Eating (Health Canada, 1997).

A growing body of evidence indicates that an imbalance in macro-
nutrients (e.g., low or high percent of energy), particularly with certain
fatty acids and relative amounts of fat and carbohydrate, can increase risk
of several chronic diseases. Much of this evidence is based on epidemio-
logical studies of clinical endpoints such as coronary heart disease (CHD),
diabetes, cancer, and obesity. However, these studies demonstrate associa-
tions; they do not necessarily infer causality, such as would be derived
from controlled clinical trials. Robust clinical trials with specified clinical
endpoints are generally lacking for macronutrients. Of importance, fac-
tors other than diet contribute to chronic disease, and multifactorial cau-
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sality of chronic disease can confound the long-term adverse effects of a
given macronutrient distribution. It is not possible to determine a defined
level of intake at which chronic disease may be prevented or may develop.
For example, high fat diets may predispose to obesity, but at what percent
of energy intake does this occur? The answer depends on whether energy
intake exceeds energy expenditure or is balanced with physical activity.

This chapter reviews the scientific evidence on the role of macro-
nutrients in the development of chronic disease. In addition, the nutrient
limitations that can occur with the consumption of too little or too much
of a particular macronutrient are discussed. In consideration of the inter-
relatedness of macronutrients, their role in chronic disease, and their
association with other essential nutrients in the diet, Acceptable Macro-
nutrient Distribution Ranges (AMDRs) are estimated and represented as
percent of energy intake. These ranges represent (1) intakes that are asso-
ciated with reduced risk of chronic disease, (2) intakes at which essential
dietary nutrients can be consumed at sufficient levels, and (3) intakes
based on adequate energy intake and physical activity to maintain energy
balance. When intakes of macronutrients fall above or below the AMDR,
the risk for development of chronic disease (e.g., diabetes, CHD, cancer)
appears to increase.

DIETARY FAT AND CARBOHYDRATE

There are a number of adverse health effects that may result from
consuming a diet that is too low or high in fat or carbohydrate (starch and
sugars). Furthermore, chronic consumption of a low fat, high carbohydrate
or high fat, low carbohydrate diet may result in the inadequate intake of
certain essential nutrients.

Low Fat, High Carbohydrate Diets of Adults

The chronic diseases of greatest concern with respect to relative intakes
of macronutrients are CHD, diabetes, and cancer. In this section, the rela-
tionship between total fat and total carbohydrate intakes are considered.
Comparisons are made in terms of percentage of total energy intake. For
example, a low fat diet signifies a lower percentage of fat relative to total
energy. It does not imply that total energy intake is reduced because of
consumption of a low amount of fat. The distinction between hypocaloric
diets and isocaloric diets is important, particularly with respect to impact on
body weight. Low and high fat diets can still be isocaloric. The failure to
identify this distinction has led to considerable confusion in terms of the
role of dietary fat in chronic disease.
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In the past few decades, the prevalence of overweight and obesity has
increased at an alarming rate in many populations, particularly in the
United States. Overweight and obesity contribute significantly to various
chronic diseases. Consequently, there are two issues to consider for the
distribution of fat and carbohydrate intakes in high-risk populations: the
distributions that predispose to the development of overweight and obesity,
and the distributions that worsen the metabolic consequences in popula-
tions that are already overweight or obese. These issues will be considered
in the following sections.

Maintenance of Body Weight

A first issue is whether a certain macronutrient distribution interferes
with sufficient intake of total energy, that is, sufficient energy to maintain
a healthy weight. Sonko and coworkers (1994) concluded that an intake of
15 percent fat was too low to maintain body weight in women, whereas an
intake of 18 percent fat was shown to be adequate even with a high level of
physical activity (Jéquier, 1999). Moreover, some populations, such as those
in Asia, have habitual very low fat intakes (about 10 percent of total energy)
and apparently maintain adequate health (Weisburger, 1988). Whether
these low fat intakes and consequent low energy consumptions have con-
tributed to a historically small stature in these populations is uncertain.

An issue of more importance for well-nourished but sedentary popula-
tions, such as that of the United States, is whether the distribution between
intakes of total fat and total carbohydrate influences the risk for weight
gain (i.e., for development of overweight or obesity). It has been shown
that when men and women were fed isocaloric diets containing 20, 40, or
60 percent fat, there was no difference in total daily energy expenditure
(Hill et al., 1991). Similar observations were reported for individuals who
consumed diets containing 10, 40, or 70 percent fat, where no change in
body weight was observed (Leibel et al., 1992), and for men fed diets
containing 9 to 79 percent fat (Shetty et al., 1994). Horvath and colleagues
(2000) reported no change in body weight after runners consumed a diet
containing 16 percent fat for 4 weeks. These studies contain two important
findings: fat and carbohydrate provide similar amounts of metabolic energy
predicted from their true energy content, and isocaloric diets provide
similar metabolic energy expenditure, regardless of their fat–carbohydrate
distribution. In other words, at isocaloric intakes, low fat diets do not
produce weight loss.

A number of short- and long-term intervention studies have been con-
ducted on normal-weight or moderately obese individuals to ascertain the
effects of altering the fat and energy density content of the diet on body
weight (Table 11-1). In general, significant reductions in the percent of
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energy consumed as fat (greater than 4 percent) resulted in small losses in
body weight. The only study that provided isocaloric diets showed no dif-
ferences in weight gain or loss, despite a wide range in the percent of
energy from fat (Leibel et al., 1992). Four meta-analyses of long-term
intervention studies associating a low fat diet with body weight concluded
that lower fat diets lead to modest weight loss or prevention of weight gain
(Astrup et al., 2000; Bray and Popkin, 1998; Hill et al., 2000; Yu-Poth et al.,
1999). These studies thus suggest that low fat diets (low percentage of fat)
tend to be slightly hypocaloric compared to higher fat diets when com-
pared in outpatient intervention trials.

The finding that higher fat diets are moderately hypercaloric when
compared with reduced fat intakes under ad libitum conditions provides a
rationale for setting an upper boundary for percentage of fat intake in a
population that already has a high prevalence of overweight and obesity.
However, a second issue must also be addressed: whether the distribution
of fat and carbohydrate modifies the metabolic consequences of over-
weight and obesity. Two of the more important consequences of obesity
are dyslipidemic changes in serum lipoproteins (which predispose to CHD)
and changes in glucose and insulin metabolism that accentuate an under-
lying insulin resistance (which may predispose to both CHD and diabetes).
These consequences are discussed in the following sections.

Risk of CHD

Low fat, high carbohydrate diets, compared to higher fat intakes, can
induce a lipoprotein pattern called the atherogenic lipoprotein pheno-
type (Krauss, 2001) or atherogenic dyslipidemia (National Cholesterol
Education Program, 2001). In populations where people are routinely
physically active and lean, the atherogenic lipoprotein phenotype is mini-
mally expressed. In sedentary populations that tend to be overweight or
obese, very low fat, high carbohydrate diets clearly promote the develop-
ment of this phenotype. Whether this phenotype promotes development
of coronary atherosclerosis when it is specifically induced by low fat diets is
uncertain, but it is a pattern that is associated with increased risk for CHD
when expressed in the general American population. The atherogenic
lipoprotein phenotype is characterized by higher triacylglycerol and
decreased high density lipoprotein (HDL) cholesterol concentrations and
small low density lipoprotein (LDL) particles. A predominance of small
LDL particles is associated with a greater risk of CHD (Austin et al., 1990),
but it is not known if this association is independent of increased
triacylglycerol and decreased HDL cholesterol concentrations.

Table 11-2 and Figures 11-1 and 11-2 show that with decreasing fat and
increasing carbohydrate intake, plasma triacylglycerol concentrations
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TABLE 11-2 Fat and Carbohydrate Intake and Blood Lipid
Concentrations in Healthy Individuals

Total Fat/
Carbohydrate Intake

Reference  Study Designa (% of energy)

Coulston et al., 11 men and women
1983 10-d crossover 21

P/S = 1.2–1.3 41

Bowman et al., 19 men 29/60
1988 10-wk parallel 33/58

P/S = 0.4 45/42
46/42

Borkman et al., 8 men and women 20/55 P/S = 0.46
1991 3-wk crossover 50/31 P/S = 0.22

Kasim et al., 72 women 18
1993 1-y parallel 34

P/S = 0.68–0.75

Leclerc et al., 7 men and women 11/64
1993 7-d crossover 30/45

40/45

Krauss and 105 men 24/60
Dreon, 1995 6-wk crossover 46/39

P/S = 0.69–0.74

O’Hanesian 10 men and women 17/63 P/S = 0.25
et al., 1996 10-d crossover 28/57 P/S = 2.2

42/39 P/S = 1.7

Jeppesen et al., 10 postmenopausal 25/60
1997 women 45/40

3-wk crossover
P/S = 1.0

Kasim-Karakas 14 postmenopausal 14 P/S = 1.2
et al., 1997 women 23 P/S = 1.0

4-mo intervention 31 P/S = 0.9

Yost et al., 25 men and women 25/55
1998 15-d crossover 50/30

P/S = 0.3

Straznicky 14 men 25/54 P/S = 1.3
et al., 1999 2-wk crossover 47/36 P/S = 0.1

Kasim-Karakas 54 postmenopausal 12/71
et al., 2000 women 14/69

4- to 12-mo 34/50
crossover

P/S = 0.64
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continued

Postintervention Blood Lipid Concentration
(mmol/L)b

Triacylglycerol HDL-C LDL-C

1.51c 0.98c

1.02d 1.16d

0.91c 1.42c 2.35c

1.11c 1.22c 2.17c

0.84c 1.53c 2.59c

1.01c 1.50c 2.40c

0.82c (+49%) 0.84c (–24%) 2.88c (–20%)
0.55c 1.10d 3.60d

1.35c 1.44c (–8%) 2.79c (–10%)
1.25d 1.56d 3.09d

1.11c 1.03c 2.29c

1.29c 1.15d 2.47c

0.87d 1.32e 3.05d

1.59c 1.09c 3.26c

1.13d 1.27d 3.69d

0.8 1.1 2.4
0.8 1.2 2.5
0.8 1.3 3.0

1.97c 1.38c 2.74c

1.29d 1.49d 2.81c

2.47c 1.24c 2.61c

2.10d 1.32d 2.93d

1.85e 1.34d 2.89d

1.14c 1.22c

0.88d 1.30d

0.8c 1.05c 2.6c

0.8c 1.28d 3.5d

1.49c 1.40c 3.49c

2.00c 1.29c 3.18c

1.57c 1.53d 3.57c
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TABLE 11-2 Continued

Total Fat/
Carbohydrate Intake

Reference  Study Designa (% of energy)

Marckmann 20 women 28/59 P/S = 0.7
et al., 2000 2-wk crossover 46/41 P/S = 0.4

Obarzanek 459 men and 27/58 P/S = 1.1
et al., 2001b women, 8-wk 37/52 P/S = 0.5

parallel

a P/S = polyunsaturated/saturated fatty acid ratio.
b HDL-C = high density lipoprotein cholesterol, LDL-C = low density lipoprotein
cholesterol.

FIGURE 11-1 Relationship between percent of total fat intake and change in
triacylglycerol (TAG) (�) and high density lipoprotein (HDL) cholesterol (- - - )
concentrations. Regression equations for percent change in serum TAG and HDL
cholesterol predicted by percent total fat in the experimental diets of controlled-
feeding studies comparing low fat, high carbohydrate diets to high fat diets. Weighted
least-squares regression analyses were performed using the mixed procedure to
test for differences in lipid concentrations (SAS Statistical package, version 8.00,
SAS Institute, Inc., 1999). Percent of energy from total fat varied from 18.3% to
50%. All diets were low in saturated fat (less than 10% energy). Using these equa-
tions, for every 5% decrease in total fat, HDL cholesterol would decrease by 2.2%
and triacylglycerol would increase by 6%.
DATA SOURCES: Berry et al. (1992); Curb et al. (2000); Garg et al. (1988, 1992a,
1994); Ginsberg et al. (1990); Grundy (1986); Grundy et al. (1988); Jansen et al.
(1998); Kris-Etherton et al. (1999); Lefevre et al., unpublished; Lopez-Segura et al.
(1996); Mensink and Katan (1987); Nelson et al. (1995); Parillo et al. (1992);
Pelkman et al. (2001); Perez-Jimenez et al. (1995, 1999, 2001).
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c,d,e Within each study, LDL-C, HDL-C, or Lp(a) concentrations that are significantly
different between treatment groups have a different superscript.
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FIGURE 11-2 Relationship between proportion of energy from carbohydrates and
serum high density lipoprotein (HDL) cholesterol concentration. • = Mean values
for approximately 120 boys from five countries, o = individuals values for boys from
the Philippines, FI= Finland, NE = Netherlands, GH = Ghana, IT = Italy, PH =
Philippines.
SOURCE: Knuiman et al. (1987).

Postintervention Blood Lipid Concentration
(mmol/L)b

Triacylglycerol HDL-C LDL-C

0.81c 1.34c 2.43c

0.70d 1.56d 2.71d

+0.4 –0.09 –0.29
–0.09 –0.005 –0.05
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increase and plasma HDL cholesterol concentrations decrease. The reduc-
tion in HDL cholesterol concentration with low fat intake results in a rise
in the total:HDL cholesterol concentration ratio (Figure 11-3). The total:HDL
cholesterol ratio has been shown to be an important risk factor for CHD
(Castelli et al., 1992; Kannel, 2000). Whether diet-induced changes in the
total:HDL cholesterol ratio predispose to CHD remains unclear (Brussard
et al., 1982; Jeppesen et al., 1997; Krauss and Dreon, 1995; West et al.,
1990; Yost et al., 1998).

In support of the interventional studies, carbohydrate intake is nega-
tively associated with HDL cholesterol concentrations (Table 11-3). None-
theless, the association between atherogenic lipoprotein phenotype (higher
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R
2
= 0.3779

-25

-20

-15

-10

-5

0

5

10

15

20

25

10 15 20 25 30 35 40 45 50 55

Dietary Total Fat (% energy)

P
er

ce
nt

 C
ha

ng
es

 in
 T

C
:H

D
L-

C
 R

at
io

s

FIGURE 11-3 Relationship between total fat intake and change in total cholester-
ol (TC):high density lipoprotein (HDL) cholesterol ratio. Weighted least-squares
regression analyses were performed using the mixed procedure to test for differ-
ences in lipid concentrations (SAS Statistical package, version 8.00, SAS Institute,
Inc., 1999).
DATA SOURCES: Berry et al. (1992); Curb et al. (2000); Garg et al. (1988, 1992a,
1994); Ginsberg et al. (1990); Grundy (1986); Grundy et al. (1988); Jansen et al.
(1998); Kris-Etherton et al. (1999); Lefevre et al., unpublished; Lopez-Segura et al.
(1996); Mensink and Katan (1987); Nelson et al. (1995); Parillo et al. (1992);
Pelkman et al. (2001); Perez-Jimenez et al. (1995, 1999, 2001).
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total:HDL cholesterol ratios) and CHD risk provides one rationale for
establishing a lower boundary for the Acceptable Macronutrient Distribu-
tion Range (AMDR) for high-risk populations.

Risk of Hyperinsulinemia, Glucose Intolerance, and Type 2 Diabetes

Other potential abnormalities accompanying changes in distribution
of fat and carbohydrate intakes include increased postprandial responses
in plasma glucose and insulin concentrations. These abnormalities are
more likely to occur with low fat, high carbohydrate diets. They potentially
could be related to the development of both type 2 diabetes and CHD. In
particular, repeated daily elevations in postprandial glucose and insulin
concentrations could “exhaust” pancreatic β-cells of insulin supply, which
could hasten the onset of type 2 diabetes. Some investigators have further
suggested these repeated elevations could worsen baseline insulin sensitivity,
which could cause susceptible persons to be at increased risk for type 2
diabetes. This form of diabetes, defined by an elevation of fasting serum
glucose concentration, is characterized by two defects in glucose metabolism:
insulin resistance, a defect in insulin-mediated uptake of glucose by cells,
particularly skeletal muscle cells, and a decline in insulin secretory capacity
by pancreatic β-cells (Turner and Clapham, 1998). Insulin resistance typi-
cally precedes the development of type 2 diabetes by many years. It is
known to be the result of obesity, physical inactivity, and genetic factors
(Turner and Clapham, 1998). Before the onset of diabetic hyperglycemia,
the pancreatic β-cells are able to respond to insulin resistance with an
increased insulin secretion, enough to maintain normoglycemia. However,
in some persons who are insulin resistant, insulin secretory capacity declines
and hyperglycemia ensues (Reaven, 1988, 1995).

The mechanisms for the decline in insulin secretion are not well
understood, but one theory is that continuous overstimulation of insulin
secretion by the presence of insulin resistance leads to “insulin exhaustion”
and hence to decreased insulin secretory capacity (Turner and Clapham,
1998). Whether insulin exhaustion is secondary to a metabolic dysfunction
of cellular production of insulin or to a loss of β-cells is uncertain. The
accumulation of pancreatic islet-cell amyloidosis may be one mechanism
for loss of insulin-secretory capacity (Höppener et al., 2000).

High carbohydrate diets frequently causes greater insulin and plasma
glucose responses than do low carbohydrate diets (Chen et al., 1988;
Coulston et al., 1987). These excessive responses theoretically could pre-
dispose individuals to the development of type 2 diabetes because of pro-
longed overstimulation of insulin secretion (Grill and Björklund, 2001).
The reasoning is similar to that for insulin resistance, namely, excessive
stimulation of insulin secretion over a period of many years could result in
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insulin exhaustion, and hence to hyperglycemia (Turner and Clapham,
1998). This mechanism, although plausible, remains hypothetical. None-
theless, in the mind of some investigators, it deserves serious consideration.

Other consequences of hyperglycemic responses to high carbohydrate
diets might be considered. For example, higher postprandial glucose
responses might lead to other changes such as “desensitization” of β-cells
for insulin secretion and production of glycated products or advanced
glycation end-products, which could either promote atherogenesis or the
“aging” process (Lopes-Virella and Virella, 1996). Again, these are hypo-
thetical consequences that need further examination.

Epidemiological Evidence. A number of noninterventional, epidemio-
logical studies have shown no relationship between carbohydrate intake
and risk of diabetes (Colditz et al., 1992; Lundgren et al., 1989; Marshall et
al., 1991; Meyer et al., 2000; Salmerón et al., 1997), whereas other studies
have shown a positive association (Bennett et al., 1984; Feskens et al.,
1991a).

Interventional Evidence. Interventional studies in healthy individuals on
the influence of high carbohydrate diets on biomarker precursors for type
2 diabetes are lacking and the available data are mixed (Table 11-4) (Beck-
Nielsen et al., 1980; Chen et al., 1988; Dunnigan et al., 1970; Fukagawa et
al., 1990; Rath et al., 1974; Reiser et al., 1979). Factors such as carbo-
hydrate quality, body weight, exercise, and genetics make the interpretation
of such findings difficult. Nonetheless, in overweight and sedentary groups
(which carry a heavy burden of insulin resistance and are common in
North America), the accentuation of postprandial glucose and insulin
concentrations that accompany high carbohydrate diets are factors to con-
sider when setting an upper boundary for AMDRs for dietary carbohydrate
(and a lower boundary for dietary fat).

Risk of Nutrient Inadequacy or Excess

Diets Low in Fats. For usual diets that are low in total fat, the intake of
essential fatty acids, such as n-6 polyunsaturated fatty acids, will be low
(Appendix K). In general, with increasing intakes of carbohydrate and
decreasing intakes of fat, the intake of n-6 polyunsaturated fatty acids
decreases. Furthermore, low intakes of fat are associated with low intakes
of zinc and certain B vitamins.

The digestion and absorption of fat-soluble vitamins and provitamin A
carotenoids are associated with fat absorption. Jayarajan and coworkers
(1980) reported that the addition of 5 or 10 g of fat to a low fat (5 g) diet
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TABLE 11-4 Intervention Studies on Carbohydrate Intake and
Biochemical Indicators of Diabetes

Reference Study Design

Dunnigan et al., 9 men and women
1970 4-wk crossover

31% sucrose
Sucrose-free

Rath et al., 6 men
1974 2- to 5-wk crossover

17% sucrose
52% sucrose

Reiser et al., 19 men and women
1979 6-wk crossover

30% starch
30% sucrose

Beck-Nielsen 7-d intervention
et al., 1980 Normal diet + 250 g glucose

Normal diet + 250 g fructose

Chen et al., 8 men
1988 3- to 5-d crossover

85% carbohydrate
41% carbohydrate
30% carbohydrate

Lundgren et al., 1,462 women,
1989 Prospective cohort,

12-y follow-up

Fukagawa et al., 6 men
1990 21- to 28-d intervention

40% carbohydrate
69% carbohydrate

a,b,c Within each study, the indicators of diabetes that are significantly different be-
tween treatment groups have a different superscript.
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Results

No diet effect on glucose tolerance and plasma insulin

Serum insulin (µg/mL) Serum glucose (mg/dL)
5.4a 87.0a

11.8b 81.1b

Serum insulin (µmunits/mL) Serum glucose (mg/dL)
9.8a 92.5a

11.9b 94.5a

No significant difference in insulin concentrations
The high fructose diet was accompanied by a

significant reduction in insulin binding and insulin
sensitivity

Glucose disappearance
Insulin sensitivity index (%/min)
5.6a 2.2a

6.1b 2.3b

3.9a,c 1.6a,c

5.6a 2.2a

6.1b 2.3b

3.9a,c 1.6a,c

Carbohydrate intake of women who developed
diabetes (212 g/d) was not significantly different
than women who did not develop diabetes (228 g/d)

Glucose disposal
Serum insulin (pmol/L) (µmol/kg/min)
67.4a 21.2a

50.2b 27.8b
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significantly improved serum vitamin A concentrations. However, the addi-
tion of 10 g compared to 5 g did not provide any further benefit. The level
of dietary fat has also been shown to improve vitamin K2 bioavailability
(Uematsu et al., 1996). Dose–response data are limited on the amount of
dietary fat needed to achieve the optimal absorption of fat-soluble vitamins,
but it appears that the level is quite low.

Diets High in Fiber. Most diets that are high in fiber are also high in
carbohydrate. High fiber diets have the potential for reduced energy
density, reduced energy intake, and poor growth. However, poor growth is
unlikely in the United States where most children consume adequate
energy and fiber intake is relatively low (Williams and Bollella, 1995). Miles
(1992) tested the effects of daily ingestion of 64 g or 34 g of Dietary Fiber for
10 weeks in healthy adult males. The ingestion of 64 g/d of Dietary Fiber
resulted in a reduction in protein utilization from 89.4 to 83.7 percent and
in fat utilization from 95.5 to 92.5 percent. Total energy utilization
decreased from 94.3 to 91.4 percent. Because most individuals consuming
high amounts of fiber would also be consuming high amounts of energy,
the slight depression in energy utilization is not significant (Miles, 1992).
In other studies, ingestion of high amounts of fruit, vegetable, and cereal
fiber (48.3 to 85.6 g/d) also resulted in decreases in apparent digestibilities
of energy, crude protein, and fat (Göranzon et al., 1983; Wisker et al.,
1988). Again, however, the Dietary Fiber intakes were very high, and because
the recommendation for Total Fiber intake is related to energy intake, the
high fiber consumers would also be high energy consumers.

Diets High in Added Sugars. Increased consumption of added sugars
can result in decreased intakes of certain micronutrients (Table 11-5).
This can occur because of the abundance of added sugars in energy-dense,
nutrient-poor foods, whereas naturally occurring sugars are primarily
found in fruits, milk, and dairy products that also contain essential micro-
nutrients. Because some micronutrients (e.g., vitamin B6, vitamin C, and
folate), dietary fiber, and phytochemicals were not examined, the association
between these nutrients and added sugars intakes is not known. Bowman
(1999) used data from Continuing Survey of Food Intakes of Individuals
(CSFII) (1994–1996) to assess the relationship between added sugars and
intakes of essential nutrients in Americans’ diets. The sample (n = 14,704)
was divided into three groups based on the percentage of energy consumed
from added sugars: (1) less than 10 percent of total energy (n = 5,058),
(2) 10 to 18 percent of total energy (n = 4,488), and (3) greater than
18 percent of total energy (n = 5,158). Group 3, with a mean of 26.7 percent
of energy from added sugars, had the lowest absolute mean intakes of all
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the micronutrients, especially vitamin A, vitamin C, vitamin B12, folate,
calcium, phosphorus, magnesium, and iron. Compared with Groups 1 and
2, a decreased percentage of people in Group 3 met their Recommended
Dietary Allowance (RDA) for many micronutrients. The individuals in
Group 3 did not meet the 1989 RDA for vitamin E, vitamin B6, calcium,
magnesium, and zinc. In addition, the high sugar consumers (Group 3)
had lower intakes of grains, fruits, vegetables, meat, poultry, and fish com-
pared with Groups 1 and 2. At the same time, Group 3 consumed more
soft drinks, fruit drinks, punches, ades, cakes, cookies, grain-based pastries,
milk desserts, and candies. Similar trends were also reported by Bolton-
Smith and Woodward (1995) and Forshee and Storey (2001), but were not
observed by Lewis and coworkers (1992). Emmett and Heaton (1995)
reported an overall deterioration in the quality of the diet in heavy users
of added sugars.

Using 1990–1991 cross-sectional data, Guthrie (1996) found that
women whose diets met their RDA for calcium consumed significantly
more milk products, fruit, and grains, and less regular soft drinks than
women who did not meet their calcium recommendations. Others have
shown that intakes of soft drinks are negatively related to intakes of milk
(Guenther, 1986; Harnack et al., 1999; Skinner et al., 1999).

To further look at the association between added sugars and certain
micronutrient intakes, the median intakes of various micronutrients at
every 5th percentile of added sugars intake was determined using data
from the Third National Health and Nutrition Examination Survey
(NHANES III) (Appendix J). In addition, the prevalence of subpopulations
not meeting the Estimated Average Requirement (EAR) or exceeding the
Adequate Intake (AI) for these micronutrients was determined. Because
not all micronutrients and other nutrients, such as fiber, were evaluated, it
is not known what the association is between added sugars and these
nutrients. While the trends are not consistent for all age groups, reduced
intakes of calcium, vitamin A, iron, and zinc were observed with increasing
intakes of added sugars, particularly at intake levels exceeding 25 percent
of energy. Although this approach has limitations, it gives guidance for the
planning of healthy diets.

Diets High in Total Sugars. In one large dietary survey, linear reductions
were observed for certain micronutrients when total sugars intakes increased
(Bolton-Smith and Woodward, 1995), whereas no consistent reductions
were observed in another survey (Gibney et al., 1995) (Table 11-6). Bolton-
Smith (1996) reviewed the literature on the relation of sugars intake to
micronutrient adequacy and concluded that, provided consumption of
sugars is not excessive (defined as less than 20 percent of total energy
intake), no health risks are likely to ensue due to micronutrient inadequacies.
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TABLE 11-5 Survey Data on Added Sugars and Micronutrient
Intake

Study
Reference Population/Survey Diet Information

Nelson, 1991 143 children, 11–12 y 7-d weighed diet
record

Rugg-Gunn et al., 405 children, 11–14 y 3-d diet record
1991

Lewis et al., Nationwide Food
1992 Consumption Survey

(1977–1978)

Bolton-Smith and 11,626 men and women, Food frequency
Woodward, 1995 25–64 y questionnaire

Scottish Heart Health
and MONICA studies

Gibson, 1997 1,675 boys and girls, 4-d weighed diet
1.5–4.5 y record

U.K. National Diet and
Nutrition Survey of
Children

Bowman, 1999 Continuing Survey of Two 24-h recalls
Food Intakes by
Individuals
(1994–1996)

Forshee and Storey, Continuing Survey of
2001 Food Intakes by

Individuals
(1994–1996)
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Added Sugars Intake
(% of energy) Change in Micronutrient Intake

16 Decrease in nicotinic acid for girls
21
27

10 Decrease in vitamin D, protein
20

Percentile of intake
26th–75th
> 75th Decrease in calcium

Men: 1.0–6.2, 6.3–8.9, Linear reduction in vitamin E, vitamin C, and
9.0–13.0, 13.1–15.7, vitamin A for both men and women
15.8–47.9

Women: 0.8–4.8, 4.9–6.3,
6.4–8.1, 8.2–11.6,
11.7–50.2

< 12
12–16 Decrease in zinc, calcium, riboflavin
16–20
20–25
> 25 Decrease in niacin, thiamin; large decrease in

calcium, zinc, riboflavin

< 10
10–18 Decrease in calcium
> 18 Decrease in vitamin A, vitamin E, vitamin C,

niacin, vitamin B6, folate, vitamin B12,
phosphorus, magnesium, iron, zinc, copper;
large decrease in calcium

Negative correlation between added sugar intake
and intake of vitamin A, calcium, and
folate
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The impact of total sugar intake on the intake of micronutrients does not
appear to be as great as for added sugars. Furthermore, a preliminary
analysis of data from NHANES III on the intake of various micronutrients
at every 5th percentile of total sugar intake did not reveal any significant
associations as was observed for added sugars (Appendix J).

High Fat, Low Carbohydrate Diets of Adults

Risk of Obesity

Epidemiological Evidence. Cross-country epidemiological data of dietary
fat intake and obesity have yielded mixed results (Bray and Popkin, 1998;

TABLE 11-6 Survey Data on Total Sugar and Micronutrient
Intake

Study
Reference Population/Survey Diet Information

Gibson, 1993 2,705 children 7-d weighed food
Department of Health record

Survey of British
School Children

Bolton-Smith and 11,626 men and women, Food frequency
Woodward, 1995 25–64 y questionnaire

Scottish Heart Health and
MONICA studies

Gibney et al., 1995 8,296 men and women 3-d food record
Nationwide Food

Consumption Survey
(1987–1988)

Nicklas et al., 1996 568 children, 10 y 24-h dietary recall
Bogalusa Heart Study

Farris et al., 1998 568 children, 10 y 24-h dietary recall
Bogalusa Heart Study
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Willett, 1998). In some countries, low fat, high carbohydrate diets are asso-
ciated with a low prevalence of obesity, whereas in others they are not.

Within-country surveys of dietary intake and body mass index (BMI)
have also yielded mixed results. Many case-control and prospective studies
failed to find a strong correlation between percent of energy intake from
fat and body weight (Heitmann et al., 1995; Lissner et al., 2000; Ludwig et
al., 1999b; Rissanen et al., 1991; Samaras et al., 1998; Willett, 1998),
whereas some did find significant associations (Bray and Popkin, 1998;
Dreon et al., 1988; George et al., 1990; Klesges et al., 1992; Miller et al.,
1990; Romieu et al., 1988; Tucker and Kano, 1992). Colditz and coworkers
(1990) observed no association between fat intake and weight gain
prospectively, but did find a positive association between previous weight

Total Sugar Intake
(% of energy) Change in Micronutrient Intake

< 20.7 Decrease in iron, nicotinic acid
20.7–25.2 Large decrease in iron, nicotinic acid
> 25.2 No marked changes in micronutrient intake

Men: 2.5–12.0, 12.1–14.7, Linear reduction in vitamin E, retinol, and
14.8–17.2, 17.3–20.7, vitamin A intake
20.8–51.4

Women: 1.5–11.7, 11.8–14.1, Linear reduction in vitamin E, retinol, carotene,
14.2–16.3, 16.4–19.6, and vitamin A intake
19.7–52.8

< 10
10–24 Decrease in riboflavin, thiamin, calcium, iron,

zinc, vitamin A
> 24 Decrease in vitamin B6, vitamin E

18.0
22.1
26.4
31.2 Decrease in percent meeting the Recommended

Dietary Allowance for niacin and zinc

16.1 Linear reduction in vitamin B6, vitamin E,
23.5 thiamin, iron, zinc, and niacin intake with
28.2 increasing total sugar intake
35.6
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gain and high fat intake. One statistically well-designed study that included
direct measurements of body fat and considered potentially confounding
factors such as exercise concluded that total dietary fat was positively cor-
related with fat mass (adjusted for fat-free mass, r = 0.22, p < 0.0001) in
adults (Larson et al., 1996). Most multiple regression studies found that
about 3 percent of the total variance in body fatness was explained by diet,
though some studies placed the estimate at 7 to 8 percent (Westerterp et
al., 1996). Longitudinal studies generally supported dietary fat as a predic-
tive factor in the development of obesity (Lissner and Heitmann, 1995).
However, bias in subject participation, retention, and underreporting of
intake may limit the power of these epidemiological studies to assess the
relationship between dietary fat and obesity or weight gain (Lissner et al.,
2000).

Another line of evidence often cited to indicate that dietary fat is not
an important contributor to obesity is that although there has been a
reduction in the percent of energy from fat consumed in the United States,
there has been an increase in energy intake and a marked gain in average
weight (Willett, 1998). Survey data showed an increase in total energy
intake over this period (McDowell et al., 1994), so that despite the decline
in percent of energy from fat, the total intake of fat (g/d) remained stable.
Another study that used food supply data showed that fat intake may
indeed be rising in the United States (Harnack et al., 2000).

Mechanisms for Obesity and Interventional Evidence. Several mechanisms
have been proposed whereby high fat intakes could lead to excess body
accumulation of fat. Foods containing high amounts of fat tend to be
energy dense, and the fat is a major contributor to the excess energy con-
sumed by persons who are overweight or obese (Prentice, 2001). The
energy density of a food can be defined as the amount of metabolizable
energy per unit weight or volume (Yao and Roberts, 2001); water and fat
are the main determinants of dietary energy density. Energy density is an
issue of interest to the extent that it influences energy intake and thus
plays a role in energy regulation, weight maintenance, and the subsequent
development of obesity.

Three theoretical mechanisms have been identified by which dietary
energy density may affect total energy intake and hence energy regulation
(Yao and Roberts, 2001). Some studies suggest that, at least in the short-
term, individuals tend to eat in order to maintain a constant volume of
food intake because stomach distension triggers vagal signals of fullness
(Duncan et al., 1983; Lissner et al., 1987; Seagle et al., 1997; Stubbs et al.,
1995a). Thus, consumption of high energy-dense foods could lead to
excess energy intake due to the high energy density to small food volume
ratio.
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A second proposed mechanism is that high energy-dense foods are
often more palatable than low energy-dense foods (Drewnowski, 1999;
Drewnowski and Greenwood, 1983). A survey of American adults reported
that taste is the primary influence for food choice (Glanz et al., 1998). In
single-meal studies, high palatability was also associated with increased food
consumption (Bobroff and Kissileff, 1986; Price and Grinker, 1973;
Yeomans et al., 1997). These results suggest that high energy-dense foods
may be overeaten because of effects related to their high palatability.

The third mechanism is that energy-dense foods reduce the rate of
gastric emptying (Calbet and MacLean, 1997; Wisen et al., 1993). This
reduction, however, does not occur proportionally to the increase in
energy density. Although energy-dense foods reduce the rate at which food
leaves the stomach, they actually increase the rate at which energy leaves
the stomach. Thus, because energy-containing nutrients are digested more
quickly, nutrient levels in the blood fall quicker and hunger returns
(Friedman, 1995). While a subjective measure, highly palatable meals have
also been shown to produce an increased glycemic response compared
with less palatable meals that contain the same food items that are com-
bined in different ways (Sawaya et al., 2001). This suggests a generalized
link among palatability, gastric emptying, and glycemic response in the
underlying mechanisms determining the effects of energy density on
energy regulation. Further research on this potential link is needed.

Researchers have used instruments such as visual analogue scales to
measure differences in appetite sensations (e.g., hunger and satiety)
between treatments in order to examine the effects of altering nutrients
that play a major role in energy density, such as dietary fat, on energy
regulation (Flint et al., 2000). A number of studies have been conducted
in which preloads of differing energy density were given and hunger and
satiety were measured either at the subsequent meal or for the remainder
of the day. In the studies that administered preloads that had constant
volume but different energy content (energy density was altered by chang-
ing dietary fat content), there was no consistent difference in subsequent
satiety or hunger between the various test meals (Durrant and Royston,
1979; Green et al., 1994; Hill et al., 1987; Himaya et al., 1997; Hulshof et
al., 1993; Louis-Sylvestre et al., 1994; Porrini et al., 1995; Rolls et al., 1994).
However, in those studies using isoenergetic preloads that differed in
volume (energy density was altered by changing dietary fat content), there
was consistently increased satiety and reduced hunger after consumption
of the low energy-dense preload meals (i.e., those with higher volume)
(Blundell et al., 1993; Holt et al., 1995; van Amelsvoort et al., 1989, 1990).
It has been reported, however, that diets low in fat and high in carbo-
hydrate may lead to more rapid return of hunger and increased snacking
between meals (Ludwig et al., 1999a).



796 DIETARY REFERENCE INTAKES

These data suggest that in the short-term, low energy-dense foods
appear to increase satiety and decrease hunger compared to high energy-
dense foods. Because individuals were blinded to the dietary content of
the treatment diets, the results from these studies demonstrate the short-
term effects of energy density after controlling for cognitive influences on
food intake.

It is important that cognitive factors are taken into account during the
interpretation of results of preload studies. When individuals were aware
of dietary changes, they generally (Ogden and Wardle, 1990; Shide and
Rolls, 1995; Wooley, 1972), but not always (Mattes, 1990; Rolls et al., 1989),
compensated for changes in energy density and thus minimized changes
in energy intake.

In well-controlled, short-term intervention studies lasting several days
or more, high fat diets were consistently associated with higher spontaneous
energy intake (Lawton et al., 1993; Proserpi et al., 1997; Thomas et al.,
1992). From short- and longer-term studies, volunteers consistently con-
sumed less dietary energy on low fat, low energy dense diets compared to
high energy-dense diets (Glueck et al., 1982; Lissner et al., 1987; Poppitt
and Swann, 1998; Poppitt et al., 1998; Stubbs et al., 1995b; Thomas et al.,
1992; Tremblay et al., 1989, 1991). The extent to which energy intake was
reduced on low energy-dense diets was similar for short- and long-term
studies.

An alternative way to study the effects of energy density on energy
intake in short-term studies has been to compare energy intake between
diets of similar energy density that differ in dietary fat content. Using this
approach, when fat content was covertly varied between 20 and 60 percent
of energy, there was no significant difference in energy intake between
groups (Saltzman et al., 1997; Stubbs et al., 1996; van Stratum et al., 1978).
These results suggest that energy density plays a more significant role than
fat per se in the short-term regulation of food intake.

During overfeeding, fat may be slightly more efficiently used than
carbohydrate (Horton et al., 1995), but in one study, no difference was
seen (McDevitt et al., 2000). Thus, high fat diets are not intrinsically fatten-
ing, calorie for calorie, and will not lead to obesity unless excess total
energy is consumed. It is apparent, however, that with the consumption of
high fat diets by the free-living population, energy intake does increase,
therefore predisposing to increased weight gain and obesity if activity level
is not adjusted accordingly (see Table 11-1). While many of the short-term
studies showed a more dramatic effect on weight reduction with reduced
fat intake, the long-term studies showed weight loss as well.

Conclusions. Epidemiological studies provide mixed results on the
question of whether high fat (low carbohydrate) diets predispose to over-
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weight and obesity and promote weight gain. However, a number of short-
term studies suggest mechanisms whereby high fat intake could promote
weight gain in the long-term. In addition, short- and long-term interven-
tion studies provide evidence that reduced fat intake is accompanied by
reduced energy intake and therefore moderate weight reduction or pre-
vention of weight gain. For these reasons, it may be concluded that higher
fat intakes are accompanied with increased energy intake and therefore
increased risk for weight gain in populations that are already disposed to
overweight and obesity, such as that of North America.

Risk of CHD

Epidemiological Evidence. In populations that consume very low fat
diets, such as those of rural Asia and Africa, the prevalence of CHD is low
(Campbell et al., 1998; Singh et al., 1995; Tao et al., 1989; Walker and
Walker, 1978). This fact has led to the concept that low fat diets will pro-
tect against CHD. However, this conclusion must be drawn with caution
when it is applied to societies in which dietary and exercise habits differ
markedly from societies in rural Asia and Africa. In the latter societies,
people are highly active and lean (Singh et al., 1995; Walker and Walker,
1978). Both of these factors independently reduce risk for CHD and could
offset any potentially detrimental effects of very low fat diets. For this
reason, the effects of low fat diets must be viewed in the context of current
societal habits in the United States and Canada and of changing habits in
developing countries. Furthermore, in more recent years it has become
clear that the relationship between fat intake and CHD is related more to
the quality of fat than to the quantity. The relationship is clearly shown by
cross-population studies. For example, some Mediterranean populations
consume diets that are high in total fat and unsaturated fatty acids but low
in saturated fatty acids; in these populations, rates of CHD are relatively
low (Keys et al., 1980, 1984). In contrast, in northern Europe, where
intakes of saturated fatty acids are high, so are rates of CHD (Keys et al.,
1980, 1984). Two epidemiological studies showed no relationship between
carbohydrate intake and LDL cholesterol concentration (Fehily et al.,
1988; Tillotson et al., 1997).

In several recent, long-term prospective studies of diet and chronic
disease, rates of CHD did not substantially differ across populations that
consumed approximately 25 to 45 percent of energy from fat (Ascherio et
al., 1996; Hu et al., 1997). Men who developed CHD were shown to consume
a slightly higher percentage of energy from fat (34.7 percent) compared
with those who did not develop CHD (33.3 percent); however, this small
difference in fat intake may not be significant since intake was based on a
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24-hour recall, and the data were not adjusted for energy intake (McGee
et al., 1984). Furthermore, Hawaiians, who have a higher incidence of
CHD than Japanese living in Hawaii, consumed more energy from fat
(35 percent) than the Japanese (31 percent) (Bassett et al., 1969). It has
been reported that those who developed CHD consumed slightly less
energy from carbohydrate compared to those who did not develop CHD
(Kushi et al., 1985; McGee et al., 1984) (Table 11-7). Other studies showed
no significant association between risk of CHD and total carbohydrate or
sugar intake (Bolton-Smith and Woodward, 1994; Liu et al., 1982, 2000).

Interventional Evidence. Increasing fat intake, as a result of increased
saturated fat intake, has been shown to increase LDL cholesterol concen-
trations (Table 11-2), and therefore risk of CHD. Intervention studies that
have investigated the effect of carbohydrate intake on LDL cholesterol
concentration have shown mixed results (Table 11-3). Two intervention
studies agree with the findings of West and colleagues (1990) in that LDL
cholesterol concentration increased when the percent of energy from car-
bohydrate was decreased from 55 to 31 percent (Borkman et al., 1991)
and 59 to 41 percent (Marckmann et al., 2000). However, in other studies
in which saturated fatty acids have remained constant, varying the percent-
age of total fat was found to not alter the LDL cholesterol concentration
(Garg et al., 1994; Grundy et al., 1988).

Yu-Poth and colleagues (1999) conducted a meta-analysis on 37 inter-
vention studies that evaluated the effects of the National Cholesterol Edu-
cation Program’s Step I and Step II dietary interventions on various cardio-
vascular disease risk factors. Reductions in plasma total cholesterol and
LDL cholesterol concentrations were significantly correlated with reduc-
tions in percentages of total dietary fat, but these also included a decrease
in saturated fatty acids. Similarly, individuals who consumed the Dietary
Approaches to Stop Hypertension diet, which contains 27 percent of energy
from fat and only 7 percent of energy from saturated fat, had reduced
total and LDL cholesterol concentrations (Obarzanek et al., 2001b). Singh
and colleagues (1992) reported that mortality from CHD and other causes
was significantly lower when patients with acute myocardial infarction were
fed a reduced fat diet.

The increase in LDL cholesterol concentration observed with increased
fat intake is due to the strong positive association between total fat and
saturated fat intake and the weak association between total fat and poly-
unsaturated fat intake (Masironi, 1970; Stamler, 1979). This association is
also observed in Appendix Tables K-4, K-5, K-7, and K-8. As shown in many
studies, saturated fatty acids raise LDL cholesterol concentrations (see
Chapter 8), whereas unsaturated fatty acids do not. In fact, n-6 poly-
unsaturated fatty acids reduce serum LDL cholesterol concentrations some-



MACRONUTRIENTS AND HEALTHFUL DIETS 799

what compared with carbohydrate (Hegsted et al., 1993; Mensink and Katan,
1992). The adverse effects of saturated fats are discussed in Chapter 8.

It has been postulated that a high fat intake predisposes to a pro-
thrombotic state, which contributes to venous thrombosis, coronary
thrombosis, or thrombotic strokes (Barinagarrementeria et al., 1998; Kahn
et al., 1997; Salomon et al., 1999). Consumption of diets high in fat (42 or
50 percent) have been shown to increase blood concentrations of the
prothrombotic markers, blood coagulation factor VII (VIIc), and activated
factor VII (VIIa) (Bladbjerg et al., 1994; Larsen et al., 1997). The concen-
tration of factor VII is associated with increased risk of CHD (Kelleher,
1992). Furthermore, a significant and positive association was found between
the level of dietary fat and factor VIIc concentration (Miller et al., 1989).

Relation of Intakes of Saturated Fatty Acids and Total Fat. When fat is con-
sumed in typical foods it contains a mixture of saturated, polyunsaturated,
and monounsaturated fatty acids. Even when the content of saturated fatty
acids in consumed fats is relatively low, the intakes of these fatty acids can
be high with high fat intakes. For example, if all of the dietary fats con-
sumed were low in saturated fatty acids (e.g., 20 percent of fat energy), a
total fat intake of 35 percent of total energy would yield a saturated fatty
acid intake of 7 percent of total energy. Consumption of a variety of dietary
fats would likely result in an even higher percentage of saturated fatty
acids. Thus, in practical terms, it would be difficult to avoid high intakes of
saturated fatty acids for most persons if total fat intakes exceeded 35 per-
cent of total energy. This fact is revealed by attempts to create a variety of
heart-healthy menus (National Cholesterol Education Program, 2001).
Moreover, data from CSFII show that with increased fat intake, there tends
to be a greater increase in saturated fatty acid intake relative to poly-
unsaturated fatty acid intake (Appendix Tables K-4, K-5, K-7, K-8; Masironi,
1970; Stamler, 1979). It should be pointed out, however, that when replac-
ing saturated fatty acid intake with carbohydrate, there is no effect on the
total cholesterol:HDL cholesterol ratio (Mensink and Katan, 1992).

Conclusions. A few case-control studies have shown an association between
total fat intake and risk for CHD. However, a detailed evaluation of these
studies shows that it is not possible to separate total fat intake from saturated
fatty acid intake, which is known to raise LDL cholesterol concentrations.
Unsaturated fatty acids, which do not raise LDL cholesterol concentra-
tions compared with carbohydrate, have not been implicated in risk for
CHD through adverse effects on lipids or other risk factors. Nonetheless,
practical efforts to create “heart-healthy” menus reveal that intakes of total
fat exceeding 35 percent of total energy result in unacceptably high intakes
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of saturated fatty acids. Moreover, there is the possibility that high fat
intakes may enhance a prothrombotic state, although the evidence to sup-
port this mechanism for enhancing CHD risk is not strong enough alone
to make solid recommendations.

Risk of Hyperinsulinemia, Glucose Intolerance, the Metabolic
Syndrome, and Type 2 Diabetes

The metabolic syndrome (insulin-resistance syndrome) describes a
clustering of metabolic abnormalities including insulin resistance (with
or without glucose intolerance), an atherogenic lipid profile (high
triacylglycerol concentration, low HDL cholesterol concentration, and
high small, dense LDL), raised blood pressure, a prothrombotic state, and
a proinflammatory state (Reaven, 2001). A prothrombotic state is charac-
terized by elevations of plasminogen activator inhibitor and high fibrinogen
concentrations, whereas a proinflammatory state is indicated by high
c-reactive protein concentrations and other inflammatory markers. Abdomi-
nal obesity (waist circumference > 102 cm in men and 88 cm in women) is
highly correlated with the presence of insulin resistance (NHLBI/NIDDK,
1998) and is considered to be one of the clinical components of the meta-
bolic syndrome (National Cholesterol Education Program, 2001). An excess
of intra-abdominal fat has been identified as being highly associated with
the lipid risk factors of the metabolic syndrome (Després, 1993), although
total abdominal fat appears to be even more highly predictive of the insulin
resistance component of the syndrome (Abate et al., 1996; Peiris et al.,
1988). Many persons with the metabolic syndrome eventually develop type
2 diabetes. Thus, both obesity and weight gain are undisputed as major
risk factors for the development of type 2 diabetes (defined as fasting
plasma glucose ≥ 7 mmol/L) (American Diabetes Association, 2001).

The contribution of diet per se to the development of type 2 diabetes
is less clear. In some laboratory animals (e.g., some species of rodents), a
high percentage of fat in the diet will induce insulin resistance (Budohoski
et al., 1993; Chisholm and O’Dea, 1987). An important question is whether
humans are similarly susceptible to this phenomenon independent of the
effects of total fat intake on body fat content. Human studies do not pro-
vide a clear answer to this question. Thus, if higher intakes of total fat lead
to obesity, this in and of itself will reduce insulin sensitivity and predispose
to the metabolic syndrome and type 2 diabetes. Recent studies have
demonstrated that reduced fat intake and weight loss result in improved
glucose tolerance and reduced risk of type 2 diabetes (Swinburn et al.,
2001; Tuomilehto et al., 2001).
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Epidemiological Evidence. In several population studies, investigators
have attempted to determine the contribution of total fat intake to either
insulin sensitivity or diabetes. These analyses are difficult to interpret because
of the multiplicity of potential confounding variables. Nevertheless, several
studies have reported an association between higher fat intakes and insulin
resistance as indicated by high fasting insulin concentration, impaired
glucose tolerance, or impaired insulin sensitivity (Lovejoy and DiGirolamo,
1992; Marshall et al., 1991; Mayer et al., 1993), as well as to the develop-
ment of type 2 diabetes (West and Kalbfleisch, 1971). A number of studies,
however, have not shown this association (Coulston et al., 1983; Liu et al.,
1983; Salmerón et al., 2001). In the Insulin Resistance Atherosclerosis
Study, total fat intake univariately correlated with less insulin sensitivity
(Mayer-Davis et al., 1997); however, in multiple regression analyses, the
presence of obesity appeared to be a confounding variable. Lovejoy and
DiGirolamo (1992) likewise found intercorrelations among insulin resis-
tance, total fat intake, and obesity. In contrast, Larsson and coworkers
(1999) found no evidence of independent effects of diet on insulin secre-
tory or sensitivity among 74 postmenopausal women. Although several
studies suggest an association between total fat intake and the presence of
insulin resistance (Lovejoy, 1999; Vessby, 2000), the degree to which the
relationship is mediated by obesity remains uncertain. Decreased physical
activity is also a significant predictor of higher postprandial insulin con-
centrations and may confound some studies (Feskens et al., 1994; Parker
et al., 1993).

Interventional Evidence. A number of metabolic and intervention studies
have examined the relationships among fat intake, fasting glucose and
insulin concentrations, areas under curves for plasma glucose and insulin
concentrations, insulin sensitivity, glucose effectiveness, and glucose disposal
rates (Table 11-8). Several studies reported that diets containing 35 per-
cent fat were accompanied by more impaired glucose tolerance than diets
containing 25 percent fat or less (Fukagawa et al., 1990; Jeppesen et al.,
1997; Straznicky et al., 1999; Swinburn et al., 1991). Coulston and coworkers
(1983) found that a diet containing 41 percent fat led to significantly
higher concentrations of insulin in response to meals compared with a
diet containing 21 percent fat, but there were no alterations in fasting
concentrations. In other studies, no effect on measures of glucose toler-
ance were reported when diets varied in fat content from 11 to 30 (Leclerc
et al., 1993) or 20 to 50 percent fat (Abbott et al., 1989; Borkman et al.,
1991; Howard et al., 1991; Thomsen et al., 1999). When the diet was high
in fat (50 percent of energy), the area under the curve for plasma glucose
and insulin concentration was lower than when the diet had a low fat
content (25 percent of energy) (Yost et al., 1998). In this study, the decreased
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TABLE 11-8 Interventional Studies on the Effect of Dietary
Fat on the Metabolic Parameters for Glucose and Insulin in
Healthy Individuals

Percent Fasting Fasting
Reference Study Design of Fat Glucose Insulin

Coulston et al., 11 men and women 41–21 NSCa NSC
1983 10-d crossover

Chen et al., 8 young men 0
1988 3- to 5-d crossover

42 ND ND
55 ND ND

10 elderly men 0–37 ND ND
3- to 5-d crossover

Abbott et al., 9 men and women 42–21 NSC NSC
1989 5-wk crossover

Fukagawa et al., 6 young men 42–14 Decreasedb Decreasedb

1990 21- to 28-d
intervention

6 elderly men and 38–15 Decreasedb Decreasedb

women
21- to 28-d

intervention

Borkman et al., 8 men and women 20–50 NSC NSC
1991 3-wk crossover

Howard et al.,
1991 7 men and women 42–21 NSC NSC

5- to 7-wk
crossover

9 men and women 42–21 NSC NSC
3- to 5-wk

longitudinal

12 Caucasians and 15–50 Increasedd NSC
12 Pima Indians

2-wk crossover
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continued

Glucose
Area Under Area Under Disposal/
the Curve the Curve Insulin Glucose Disappearance
for Glucose for Insulin Sensitivity Effectiveness Rate

NSC Decreasedb NDc ND ND

ND ND Decreasedb NSC ND
ND ND Increasedb NSC ND

ND ND Decreasedb NSC ND

ND ND ND ND ND

ND ND ND ND Increasedb

ND ND ND ND NSC

ND ND ND ND NSC

NSC ND ND ND ND

ND ND ND ND ND

Increasede Increasede NSC Decreasedd ND
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fat intake was accompanied by an increased percentage of energy from
carbohydrate. Garg and coworkers (1992b) reported that insulin sensitivity,
indicated by insulin-mediated glucose disposal, was similar after almost a
month of ingestion of either a reduced fat (25 percent of energy) or an
increased fat diet (50 percent of energy). However, favorable effects of
substituting a monounsaturated fat diet for a saturated fat diet on insulin
sensitivity were seen at a total fat intake of up to 37 percent of energy
(Vessby et al., 2001). A large, long-term intervention trial in adults showed
that reducing total fat intake, in part, reduced the risk of the onset of type 2
diabetes by 58 percent (Tuomilehto et al., 2001). Similarly, the Diabetes
Prevention Program Research Group reported that diet modification,

TABLE 11-8 Continued

Percent Fasting Fasting
Reference Study Design of Fat Glucose Insulin

Swinburn et al., 24 Caucasians and 15–50 Increasedd NSC
1991 Pima Indians

2-wk crossover

Leclerc et al., 7 men and women 11–30 NSC NSC
1993 7-d crossover

Jeppesen et al., 10 women 25–45 ND ND
1997 3-wk crossover

Yost et al., 1998 25 men and women 25–50 NSC NSC
15-d crossover

Straznicky et al., 14 men 25–47 Increasedb NSC
1999 2-wk crossover

Thomsen et al., 16 men and women 28–42 NSC NSC
1999 4-wk crossover

Kasim-Karakas 54 postmenopausal 15, 25, NSC NSC
et al., 2000 women and 34

4- to 12-mo
crossover

a NSC = no significant change.
b p < 0.05.
c ND = no data available.
d p < 0.001.
e p < 0.01.
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including a reduction of total fat intake from 34 to 27 percent of energy
reduced the incidence of type 2 diabetes by 58 percent. Thus, there is no
definitive evidence from metabolic and interventional studies that higher
fat intakes impair insulin sensitivity in humans as they do in various labora-
tory animals. Any suggestive links between fat intake and either insulin
secretion or sensitivity may be mediated through confounding factors, such
as body-fat content, making it difficult to detect any independent contri-
bution of total fat intake to insulin sensitivity.

Conclusions. Although high fat diets can induce insulin resistance in
rodents, investigations in humans fail to confirm this effect. Moreover, an

Glucose
Area Under Area Under Disposal/
the Curve the Curve Insulin Glucose Disappearance
for Glucose for Insulin Sensitivity Effectiveness Rate

Increasede Increasede NSC Decreasedd ND

NSC NSC ND ND ND

NSC Increasedd ND ND ND

Decreasede Decreasedc ND ND ND

Increasede NSC Decreasedb ND ND

ND NSC NSC NSC ND

ND ND ND ND ND
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association between dietary fat intake and risk for diabetes has been
reported in some epidemiological studies, but this association is most likely
confounded by various factors, such as obesity and glycemic index.

Risk of Cancer

High intakes of dietary fat have been implicated in the development
of cancer, especially cancer of the lung, breast, colon, and prostate gland.
Early support for this theory comes from laboratory animal and cross-
cultural studies. The latter were based largely on international food dis-
appearance data and migrant and time trend studies. In recent years, the
theory that a diet high in fat predisposes to certain cancers has been weak-
ened by additional epidemiological studies. Early cross-cultural and case-
control studies reported strong associations between total fat intake and
breast cancer (Howe et al., 1991; Miller et al., 1978; van’t Veer et al.,
1990), yet a number of epidemiological studies, most in the last 15 years,
have found little or no association between fat intake and breast cancer
(Hunter et al., 1996; Jones et al., 1987; Kushi et al., 1992; van den Brandt
et al., 1993; Velie et al., 2000; Willett et al., 1987, 1992). A meta-analysis of
23 studies yielded a relative risk of 1.01 and 1.21 from cohort and case-
control studies, respectively (Boyd et al., 1993).

Total fat intake in relation to colon cancer has strong support from
animal studies (Reddy, 1992). However, evidence from epidemiological
studies has been mixed (De Stefani et al., 1997b; Giovannucci et al., 1994;
Willett et al., 1990). Howe and colleagues (1997) reported no association
between fat intake and risk of colorectal cancer from the combined analysis
of 13 case-control studies.

Epidemiological studies tend to suggest that dietary fat intake is not
associated with prostate cancer (Ramon et al., 2000; Veierød et al., 1997b).
Giovannucci and coworkers (1993), however, reported a positive association
between total fat consumption, primarily animal fat, and risk of advanced
prostate cancer. Findings on the association between fat intake and lung
cancer have been mixed (De Stefani et al., 1997a; Goodman et al., 1988;
Veierød et al., 1997a; Wu et al., 1994).

Risk of Nutrient Inadequacy or Excess

Diets High in Fat. With increasing intakes of carbohydrate, and there-
fore decreasing fat intakes, there is a trend towards reduced consumption
of dietary fiber, folate, and vitamin C (Appendix K). With higher fat
intakes, it is difficult to create practical high fat menus that do not contain
unacceptably high amounts of saturated fatty acids (National Cholesterol
Education Program, 2001).
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Diets Low in Total Sugars. Micronutrient inadequacy can occur when
sugars intake is very low (less than 4 percent of total energy) (Bolton-
Smith and Woodward, 1995) because many foods that are abundant in
micronutrients, such as fruits and dairy products, also contain naturally
occurring sugars. A wide variety of foods from different food groups are
needed to meet nutrient requirements. Because sugars are important for
the palatability of foods, the complete omission of sugars from the diet
could endanger overall nutrient adequacy by leading to low total energy
intake, as well as low micronutrient intakes (Bolton-Smith, 1996). Although
reduced nutrient intakes have been reported, adverse affects on health
have not. Individuals with fructose intolerance, a condition caused by
fructose-1-phosphate aldolase deficiency, strictly avoid foods containing
fructose and sucrose and yet remain in good health (Burmeister et al., 1991).

AMDRs for Adults

When fat intakes are low and carbohydrate intakes are high, interven-
tion studies, with the support of epidemiological studies, demonstrate a
reduction in plasma HDL cholesterol concentration, an increase in the
plasma total cholesterol:HDL cholesterol ratio, and an increase in plasma
triacylglycerol concentration, which are all consistent with an increased
risk of CHD. Conversely, many interventional studies show that when fat
intake is high, many individuals consume additional energy, and therefore
gain additional weight. Weight gain on high fat diets can be detrimental to
individuals already susceptible to obesity and can worsen the metabolic
consequences of obesity, particularly the risk of CHD. Moreover, high fat
diets are usually accompanied by increased intakes of saturated fatty acids,
which can raise plasma LDL cholesterol concentrations and further increase
risk for CHD. Based on the apparent risk for CHD that may occur on low
fat diets, and the risk for increased energy intake and therefore obesity
with the consumption of high fat diets, the AMDR for fat and carbohydrate is
estimated to be 20 to 35 and 45 to 65 percent of energy, respectively, for
all adults. By consuming fat and carbohydrate within these ranges, the risk
for obesity, as well as for CHD and diabetes, can be kept at a minimum.
Furthermore, these ranges allow for sufficient intakes of essential nutri-
ents while keeping the intake of saturated fatty acids at moderate levels.

There is no lower limit of intake and no known adverse effects with
the chronic consumption of Dietary Fiber or Functional Fiber (Chapter 7).
Therefore, an AMDR is not set for Dietary, Functional, or Total Fiber.
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Maximal Intake Level for Added Sugars

Data from various national surveys show that increasing intakes of
added sugars is associated with a decline in the consumption of certain
micronutrients, thus increasing the prevalence of those consuming below
the EAR or the AI. While such trends exist, it is not possible to determine a
defined intake level at which inadequate micronutrient intakes occur. Fur-
thermore, at very low or very high intakes, unusual eating habits most
likely exist that allow for other factors to contribute to low micronutrient
intakes. Based on the available data, no more than 25 energy from added
sugars should be comsumed by adults. A daily intake of added sugars that
individuals should aim for to achieve a healthy diet was not set. Total
sugars intake can be lowered by consuming primarily sugars that are natu-
rally occurring and present in micronutrient-rich foods, such as milk, dairy
products, and fruits, while at the same time limiting consumption of added
sugars from foods and beverages that contain minimal amounts of micro-
nutrients, such as soft drinks, fruitades, and candies.

Low Fat, High Carbohydrate Diets of Children

Fat Oxidation

Jones and colleagues (1998) reported a significantly greater fat
oxidation in children (aged 5 to 10 years, n = 12) than in adults (aged 20
to 30 years, n = 6). Breath 13CO2 was measured in 12 children and 6 men
following an oral bolus dose of [1-13C]palmitic acid (10 mg/kg of body
weight) consumed with a test meal. Breath 13CO2 excretion was less in the
men (35.1 percent of absorbed dose, P = 0.005) than in the children
(57.0 percent of absorbed dose). The children exhibited greater fat oxida-
tion in the postabsorptive state (2.43 g/h) and postprandial (11.89 g/6 h)
states than the men (0.93 g/h postabsorptive, 9.86 g/6 h postprandial).
The children also had greater fat oxidation compared with women studied
previously by these investigators (0.53 g/h postabsorptive, 0.03 g/6 h post-
prandial) (Murphy et al., 1995).

Growth

Most studies have reported no effect of the level of dietary fat on
growth when energy intake is adequate (Boulton and Magarey, 1995;
Fomon et al., 1976; Lagström et al., 1999; Lapinleimu et al., 1995;
Niinikoski et al., 1997a, 1997b; Obarzanek et al., 1997; Shea et al., 1993).
Two well-controlled trials demonstrated that a diet providing less than
30 percent energy from fat does not result in adverse effects on growth in
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children up to 8 years of age (Lapinleimu et al., 1995; Niinikoski et al.,
1997a, 1997b). A cohort study with a 25-month follow-up showed that there
was no difference in stature or growth of children aged 3 to 4 years at
baseline across quintiles (27 to 38 percent) of total fat intake (Shea et al.,
1993). The Special Turku Coronary Risk Factor Intervention Project showed
no difference in growth of children 7 months to 5 years of age when they
consumed 21 to 38 percent fat (Lagström et al., 1999). Niinikoski and
coworkers (1997a) reported that 1-year-old children who consistently con-
sumed low fat diets (less than 28 percent) grew as well as children with
higher fat intakes. A cohort study showed that children aged 2 years in the
lower tertile of fat intake (less than 30 percent) had a height and weight
similar to that of the higher fat intake groups (Boulton and Magarey,
1995).

A few studies have observed impaired growth among hypercholsterolemic
children who were advised to consume 30 percent or less of energy from
fat. However, the energy intake was also reduced (Lifshitz and Moses,
1989) or not reported (Hansen et al., 1992). In a group of Canadian
children 3 to 6 years of age, a fat intake of less than 30 percent of energy
was associated with an odds ratio of 2.3 for weight-for-age below the 50th
percentile at 6 years of age (Vobecky et al., 1995). A comprehensive evalu-
ation of the effect of diet-related variables on the growth of children under
6 years of age from 18 Latin American countries (FAO/WHO, 1996) demon-
strated that diets providing less than 22 percent energy from fat and with
less than 45 percent of total fat from animal fat were related to low birth
weight, underweight, and stunting (height-for-age ≤ 2 standard deviations)
(Uauy et al., 2000). The dietary determinants that best explained low birth
weight were energy, protein, and animal fat, suggesting that high-quality
animal protein and associated nutrients are important for growth and
development.

Risk of Nutrient Inadequacy or Excess

Diets High in Carbohydrate and Low in Fats. Because the diets of young
children are less diversified than that of adults, the risk of inadequate
micronutrient intake is increased in these children. A cohort of 500 children
aged 3 to 6 years showed that those who consumed less than 30 percent of
energy from fat consumed less vitamin A, vitamin D, and vitamin E com-
pared with those who consumed higher intakes of fat (30 to 40 percent)
(Vobecky et al., 1995). Calcium intakes decreased by more than 100 mg/d
for 4- and 6-year-old children who consumed less than 30 percent of energy
from fat (Boulton and Magarey, 1995). Lagström and coworkers (1997,
1999), however, did not observe reduced intakes of micronutrients in chil-
dren with low fat intakes (26 percent).
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The Dietary Intervention Study in Children (DISC), a multi-center,
randomized trial of children 8 to 10 years of age, demonstrated that reduc-
ing the intake of fat to 28 percent of energy over a 3-year period increased
the percentage of children not meeting the RDA for vitamin E and zinc;
however, no biochemical evidence of deficiency of these nutrients was
found (Obarzanek et al., 1997). Tonstad and Sivertsen (1997) observed no
reduced intake of micronutrients with diets providing 25 percent of energy
as fat. Nicklas and coworkers (1992) reported reduced intakes of certain
micronutrients by 10-year-old children who consumed less than 30 per-
cent of energy as fat; however, this level of fat intake was associated with
marked increased intakes of candy. It has been suggested that children
who consume a low fat diet can meet their micronutrient recommendation
by appropriate selection of certain low fat foods (Peterson and Sigman-
Grant, 1997). This is especially true for older children whose diets are
typically more diverse.

The tables in Appendix K show the intakes of nutrients at various
intake levels of carbohydrate. With increasing intakes of carbohydrate, and
therefore decreasing intakes of fat, the intake levels of calcium and zinc
markedly decreased in children 1 to 18 years of age (Appendix Tables K-1
through K-3).

Diets High in Added Sugars. Several surveys have evaluated the impact
of added sugars intake on micronutrient intakes in children (Table 11-5).
Gibson (1997) examined data from the U.K. National Diet and Nutrition
Survey of Children Aged 1.5 to 4.5 Years (boys, n = 848; girls, n = 827) and
found evidence of a nutrient dilution effect by nonmilk extrinsic sugars
(NMES). Children consuming the highest concentrations of NMES
(greater than 24 percent of energy) had intakes of most micronutrients
that were between 6 and 20 percent below average. Gibson (1997) con-
cluded that the inverse association of NMES with micronutrient intakes
was of most significance for the 20 percent of children with the diets
highest in NMES (24.9 percent of energy for boys and 24.5 percent of
energy for girls).

In a study of British adolescents, reduced intakes of calcium, phosphorus,
iron, vitamin A, vitamin D, and folic acid were associated with increased
sugars intakes (mean added sugars intake for the high sugars consumers
was 122 g/d for boys and 119 g/d for girls) (Rugg-Gunn et al., 1991). In a
smaller survey (n = 143), added sugars intakes at levels as high as 27 per-
cent of energy did not have a significant impact on micronutrient intakes
(Nelson, 1991).

Similar to that observed for adults using data from NHANES III,
increasing the added sugars intake by every 5th percentile tended to be
associated with reduced intakes of certain micronutrients, including
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calcium, vitamin A, iron, and zinc (Appendix Tables J-1 through J-3, J-6,
and J-7). This reduction in micronutrient intake was most significant when
added sugars intake levels exceeded 25 percent of energy.

From 1989 to 1995, energy intakes increased for U.S. children aged 2
to 17 years primarily due to increased carbohydrate consumption. Bever-
ages, particularly soft drinks, were important contributors to the increased
carbohydrate consumption. During this period, micronutrient intakes
(except for iron) did not increase and calcium intakes decreased. This was
attributed to the fact that increased energy was largely obtained from soft
drinks, which do not add nutrients and displace milk in children’s diets,
with negative consequences for total diet quality (Morton and Guthrie, 1998).

Children who were high consumers of nondiet soft drinks had lower
intakes of riboflavin, folate, vitamin A, vitamin C, calcium, and phosphorus
in comparison with children who were nonconsumers of soft drinks
(Harnack et al., 1999). Several of these nutrients (folate, vitamin A, and
calcium) have been identified in national surveys as “shortfall” or “problem”
nutrients among various age and gender groups (ARS, 1998). Ballew and
colleagues (2000) demonstrated that in U.S. children, milk consumption
was positively associated with the likelihood of achieving recommended
vitamin A, vitamin B12, folate, calcium, and magnesium intakes in all age
groups. Juice (100 percent fruit or vegetable juice) consumption was posi-
tively associated with achieving vitamin C and folate recommended intakes
in all age groups, as well as magnesium intake among children aged 6 years
and older. Soft drink intake was negatively associated with achieving rec-
ommended vitamin A intake in all age groups, calcium in children younger
than 12 years of age, and magnesium in children 6 years of age and older.

Others have shown that children who consumed milk at the noon
meal had the highest daily intakes of vitamin A, vitamin E, calcium, and
zinc, whereas the opposite was true for children who consumed soft drinks
and tea (Johnson et al., 1998). Hence, beverages that are major contributors
of the naturally occurring sugars, such as lactose and fructose, in the diet
(e.g., milk and fruit juice) have been positively associated with nutrient
adequacy, while beverages that are the principal source of added sugars in
the diet (e.g., soft drinks) have been negatively associated with nutrient
adequacy in the diets of U.S. children and adolescents (Ballew et al., 2000;
Johnson et al., 1998).

Diets High in Total Sugars. The findings from three surveys on the
relationship between total sugars intake and micronutrient intake in
children are mixed (Table 11-6). Gibson (1993) did not observe reduced
micronutrient intakes when total sugars intake exceeded 25 percent of
energy. Nicklas and coworkers (1996) reported that the percent of chil-
dren meeting the RDA for only niacin and zinc was significantly reduced
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when the intake of total sugars exceeded 31 percent of energy. A linear
reduction in several micronutrients was observed with increasing total
sugars intake (Farris et al., 1998).

High Fat, Low Carbohydrate Diets of Children

Risk of Obesity

In the United States and Canada, there is evidence that children are
becoming progressively overweight (Flegal, 1999; Gortmaker et al., 1987;
Tremblay and Willms, 2000; Troiano et al., 1995). Furthermore, Serdula
and coworkers (1993) reviewed a number of longitudinal studies with vary-
ing cut-off levels for obesity and concluded that 26 to 41 percent of obese
preschool children and 42 to 63 percent of obese school-age children
became obese adults. Clinical evidence of disease associated with excess
body weight, reduced physical activity, or high dietary fat intakes, however,
are generally absent. The evidence for a role of dietary fat intakes in pro-
moting higher energy intakes and thus promoting obesity in young chil-
dren is conflicting.

A positive trend in energy intake was associated with an increased
percent of energy from fat for children up to 8 years of age (Boulton and
Magarey, 1995). A positive correlation between fat intake and fat mass has
been reported for boys 4 to 7 years of age (Nguyen et al., 1996). A lack of
effect of dietary fat on BMI and adiposity, however, has been reported for
children 1.5 to 4.5 years of age (Atkin and Davies, 2000; Davies, 1997).

The DISC trial found no difference in BMI for children 8 to 10 years
of age who consumed diets containing 29 or 33 percent fat over a 3-year
period (Lauer et al., 2000). However, several studies showed a positive
correlation between dietary fat intake and body fatness in children 8
to 12 years of age (Maffeis et al., 1996; Obarzanek et al., 1994; Ricketts,
1997). The average fat intake of nonobese children was measured to be 31
to 34 percent for children 9 to 11 years old, whereas the average fat intake
of obese children was 39 percent of energy (Gazzaniga and Burns, 1993).
A positive association between fat intake and several adiposity indices were
observed, but only for up to 35 percent of energy (Maillard et al., 2000).
Other factors that have been associated with increased BMI include
physical activity.

Risk of CHD

Clinical studies have provided some evidence that serum cholesterol
concentration is modified in children the same way as in adults, with serum
total, LDL, and non-HDL cholesterol concentrations being increased by
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consuming diets higher in total fat (Lauer et al., 2000; Niinikoski et al.,
1996; Obarzanek et al., 2001a; Shannon et al., 1994; Simell et al., 2000;
Vartiainen et al., 1986). However, no significant association between
dietary fat and LDL cholesterol concentration was observed for boys and
girls (aged 8 to 10 years) consuming fat ranging from 10 to 50 percent of
energy (R = –0.04 to 0.14) (Kwiterovich et al., 1997). Furthermore, a
significant positive association between fat intake and total cholesterol con-
centration was observed in only two of five countries (Knuiman et al., 1983).

Another potential indicator for children’s future risk of CHD is the
presence of fatty streaks, which are found in the aortas of almost all chil-
dren over 3 years of age in North America (Holman et al., 1958), and
begin to appear in the coronary arteries about 5 to 10 years later than in
the aorta (Berenson et al., 1992; McGill, 1968; Stary, 1989; Strong et al.,
1992). The prevalence of aortic fatty streaks differs only slightly among
children and adolescents of all populations studied, regardless of the fre-
quency of atherosclerosis and coronary artery disease in adults of the
respective population (Holman et al., 1958; McGill, 1968). The absence of
a relation between aortic fatty streaks and the clinically relevant lesions of
atherosclerosis in epidemiological and histological studies has thus raised
questions on the clinical significance of fatty streaks in the aorta of young
children (Newman et al., 1995; Olson, 2000). The Pathobiological Deter-
minants of Atherosclerosis in Youth Study, however, has provided evidence
that an unfavorable lipoprotein pattern (i.e., elevated non-HDL cholesterol
and low HDL cholesterol concentrations), obesity, and hyperglycemia are
associated with raised fatty streaks in the coronary artery and abdominal
aorta in late teenage years (McGill et al., 2000a, 2000b). Similarly, the
Bogalusa Heart Study observed a positive association between LDL choles-
terol concentration and the percentage of surface with fatty streaks in the
aorta (Berenson et al., 1992). These findings are consistent with the
hypothesis of the progression of fatty streaks to fibrous plaques under
the influence of the prevailing risk factors for coronary artery disease
(McGill et al., 2000a, 2000b).

It is still unclear, however, how reduction in serum cholesterol con-
centration in childhood, if maintained, is associated with risk of CHD in
adulthood. In addition, there are still pivotal issues that must be examined
further, including the relationship between fatty streaks found in the arteries
of young children and the later appearance of raised lesions associated
with coronary vascular disease, the effects of dietary total fat modification
on predictive risk factors in children, the safety of the diet with respect to
total energy and micronutrients for the general population, and the long-
term health benefit of establishing healthy dietary patterns early in childhood.
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Risk of Nutrient Inadequacy or Excess

Appendix Tables K-1 through K-3 and K-6 provide data from CFSII on
the intake of various nutrients based on the level of carbohydrate intake. It
can been seen from these tables that as the level of carbohydrate intake
decreases, and therefore the level of fat increases, certain nutrients such as
folate and vitamin C markedly decrease. Furthermore, with increasing
levels of fat intake, the intake of saturated fat relative to linoleic acid intake
markedly increases.

AMDRs for Children

The evidence suggests that children have a higher fat oxidation rate
compared to adults, and that reduced intake of certain micronutrients can
occur with the consumption of low fat diets, whereas there is potential risk
of obesity with high fat intakes. High intakes of fat may promote increased
risk for CHD and obesity. Dietary fat provides energy, which may be
important for younger children with reduced food intakes, particularly
during the transition from a diet high in milk to a mixed diet. Thus, there
should be a transition from the high fat intake during infancy (55 and
40 percent of energy for the 0- to 6- and 7- to 12-months age groups,
respectively) (Chapter 8) to an AMDR for adults (20 to 35 percent of
energy). Therefore, it is estimated that the AMDR for fat intake is approxi-
mately 30 to 40 percent of energy for children 1 to 3 years of age and 25 to
35 percent of energy for children 4 to 18 years of age. The AMDR for
carbohydrate is the same as for adults (45 to 65 percent of energy). The
ranges of fat intake include intakes of saturated fat that should be consumed
at levels as low as possible while consuming a nutritionally adequate diet.

Maximal Intake Level for Added Sugars

As for adults, no more than 25 percent of energy from added sugars
should be consumed by children to ensure adequate micronutrient
intakes. For those children whose intake is above this level, added sugars
intake can be reduced by consuming sugars that are primarily naturally
occurring and present in foods such as milk, dairy products, and fruits,
which also contain essential micronutrients.

n-9 MONOUNSATURATED FATTY ACIDS

Approximately 20 to 40 percent of fat is consumed as n-9 mono-
unsaturated fatty acids, almost all of which is oleic acid (Appendix Tables
E-1 and E-8). Monounsaturated fatty acids are not essential fatty acids, but
they may have some benefit in the prevention of chronic disease. Although



MACRONUTRIENTS AND HEALTHFUL DIETS 817

early research pointed to this potential benefit, most attention has been
given to it in the past decade.

Low n-9 Monounsaturated Fatty Acid Diets

Risk of CHD

Epidemiological Evidence. Population data on monounsaturated fatty
acid intake and risk of coronary heart disease (CHD) are limited. How-
ever, in long-term follow-up studies of the Seven Countries Study, higher
intakes of monounsaturated fatty acids were associated with decreased rates
of CHD mortality (Keys et al., 1986). Other reports indicate that mono-
unsaturated fatty acids have a neutral or beneficial effect on risk (Hu et al.,
1997; Kromhout and de Lezenne Coulander, 1984; Pietinen et al., 1997).

Interventional Evidence. Much work has been conducted and is ongoing
to identify the ideal substitute for saturated fat in a blood cholesterol-
lowering diet. The effects of a high monounsaturated fatty acid versus a
low fat, high carbohydrate diet on serum lipid and lipoprotein concentrations
have been a focus of considerable scientific inquiry. Eighteen well-
controlled clinical studies that compared the effects of substituting mono-
unsaturated fatty acids versus carbohydrate for saturated fat in a blood
cholesterol-lowering diet have recently been reviewed (Kris-Etherton et
al., 2000). In these studies, when on both high monounsaturated fat and
low fat, high carbohydrate diets, saturated fatty acids contributed to 4 to
12 percent of energy and dietary cholesterol varied from less than 100 up
to 410 mg/d. Diets high in monounsaturated fatty acids provided 17 to
33 percent of energy from monounsaturated fatty acids and contained
more total fat (33 to 50 percent energy) than the low fat, high carbohy-
drate diets (18 to 30 percent energy). The low fat, high carbohydrate diets
provided 55 to 67 percent of energy from carbohydrate. Compared to
baseline values, serum total cholesterol concentrations changed from –17
to +3 percent on the low fat, high carbohydrate diet, whereas it changed
from –20 to –3 percent on the high monounsaturated fatty acid diet. The
range of decrease in plasma low density lipoprotein (LDL) cholesterol
concentration was similar (–22 to +1 percent) among individuals on the
two diets. The change in serum triacylglycerol concentrations ranged from
–23 to +37 percent for individuals consuming the low fat, high carbo-
hydrate diets and from –43 to +12 percent for diets high in monounsaturated
fatty acids. Changes in high density lipoprotein (HDL) cholesterol con-
centrations ranged from –25 to +2 percent for individuals on the low fat,
high carbohydrate diets compared to a –9 to +6 percent change for indi-
viduals on diets high in monounsaturated fatty acids.
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These data indicate that in weight-stable individuals, a high mono-
unsaturated fatty acid, low saturated fatty acid diet results in a more favor-
able metabolic profile with respect to total cholesterol, HDL cholesterol,
and triacylglycerol concentrations. Figure 11-4 shows that with increased
monounsaturated fatty acid intake, there is a favorable reduction in the
total cholesterol:HDL cholesterol ratio. Furthermore, a meta-analysis of
feeding studies estimated that the regression coefficients for the effects of
monounsaturated fatty acids on LDL and HDL cholesterol concentrations
were –0.008 and +0.006, respectively, suggesting a slight positive benefit
(Clarke et al., 1997).
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FIGURE 11-4 Relationship between monounsaturated fatty acid (MUFA) intake
and total cholesterol (TC):high density lipoprotein cholesterol (HDL-C) concen-
tration ratio. Weighted least-squares regression analyses were performed using the
mixed procedure to test for differences in lipid concentrations (SAS Statistical
package, version 8.00, SAS Institute, Inc., 1999).
DATA SOURCES: Berry et al. (1992); Curb et al. (2000); Garg et al. (1988, 1992a,
1994); Ginsberg et al. (1990); Grundy (1986); Grundy et al. (1988); Jansen et al.
(1998); Kris-Etherton et al. (1999); Lefevre et al., unpublished; Lopez-Segura et al.
(1996); Mensink and Katan (1987); Nelson et al. (1995); Parillo et al. (1992);
Pelkman et al. (2001); Perez-Jimenez et al. (1995, 1999, 2001).
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Risk of Diabetes

Epidemiological studies tend to suggest no association between mono-
unsaturated fatty acid intake and risk of indicators for diabetes (Feskens et
al., 1995; Marshall et al., 1997). Similarly, some intervention studies showed
no effect of monounsaturated fatty acid intake on indicators for risk of
diabetes (Fasching et al., 1996; Roche et al., 1998; Thomsen et al., 1999;
Vessby et al., 2001). Uusitupa and coworkers (1994), however, reported a
significantly lower area under the curve for plasma glucose concentration
and a greater glucose disappearance rate when healthy women consumed
a diet rich in monounsaturated fatty acids (19 to 20 percent) compared
with a diet rich in saturated fatty acids.

Risk of Cancer

Bartsch and colleagues (1999) reported a protective effect of oleic
acid on cancer of the breast, colon, and possibly the prostate. A few epide-
miological studies have reported an inverse relationship between mono-
unsaturated fatty acid intake and risk of breast cancer (Willett et al., 1992;
Wolk et al., 1998), while a number of studies reported no association
(Holmes et al., 1999; Hunter et al., 1996; Jones et al., 1987; Kushi et al.,
1992; van den Brandt et al., 1993; van’t Veer et al., 1990). Increased
consumption of olive oil was associated with significantly reduced breast
cancer risk (La Vecchia et al., 1995; Martin-Moreno et al., 1994; Trichopoulou
et al., 1995).

A diet high in monounsaturated fatty acid-rich vegetable oils, includ-
ing olive, canola, or peanut oils, has been associated with a protective
effect or no risk of prostate cancer (Norrish et al., 2000; Ramon et al.,
2000; Schuurman et al., 1999; Veierød et al., 1997b). Some speculate that
the apparent protective effects of olive oil (and other vegetable oils) reflect
constituents other than monounsaturated fatty acids including squalene
(Newmark, 1999), phenolic compounds, antioxidants, and other com-
pounds (Owen et al., 2000).

No significant association has been reported for monounsaturated fatty
acid intake and risk of colorectal cancer (Giovannucci et al., 1994; Howe
et al., 1997).

Risk of Nutrient Inadequacy

In the United States, monounsaturated fatty acids provide 12 to 13 per-
cent of energy intake. About 50 percent of these fatty acids are consumed
via animal products, primarily meat fat (Jonnalagadda et al., 1995). Vegetable
oils that are good sources of monounsaturated fatty acids include canola
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oil and olive oil. Although the major sources of monounsaturated fatty
acids (animal fat and vegetable oils) are not required to supply essential
nutrients, very low intakes of monounsaturated fatty acids would require
increased intakes of other types of fatty acids to achieve recommended fat
intakes. Consequently, intakes of saturated and n-6 polyunsaturated fatty
acids would probably exceed a desirable level of intake (see “n-6 Poly-
unsaturated Fatty Acids” and Chapter 8).

High n-9 Monounsaturated Fatty Acid Diets

There are limited data on the adverse health effects from consuming
high levels of n-9 monounsaturated fatty acids (see Chapter 8, “Tolerable
Upper Intake Levels”).

Acceptable Macronutrient Distribution Range

n-9 Monounsaturated fatty acids are not essential in the diet, and the
evidence relating low and high intakes of monounsaturated fatty acids and
chronic disease is limited. Therefore, an Acceptable Macronutrient Distri-
bution Range (AMDR) for n-9 monounsaturated fatty acids is not pro-
vided. Nonetheless, practical limits on intakes of monounsaturated fatty
acids will be imposed by AMDRs for total fat and other types of fatty acids.

n-6 POLYUNSATURATED FATTY ACIDS

Low n-6 Polyunsaturated Fatty Acid Diets

Risk of CHD

Epidemiological Evidence. Many populations of the world, such as in
Crete and Japan, have low total intakes of n-6 polyunsaturated fatty acids
(e.g., < 4 percent of total energy) without obvious health consequences
(Okita et al., 1995; Renaud et al., 1995). However, high intakes of n-6
polyunsaturated fats have been associated with blood lipid profiles (e.g.,
reduced total and low density lipoprotein [LDL] cholesterol, reduced
triacylglycerol, and increased high density lipoprotein [HDL] cholesterol
concentrations) that are associated with low risk of coronary heart disease
(CHD) (Arntzenius et al., 1985; Becker et al., 1983; Sonnenberg et al.,
1996). Prospective epidemiological evidence suggests that after controlling
for other components of the diet, replacing saturated fats with unsaturated
fats decreases risk of CHD (Hu et al., 1997); however, the dose–response
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relationship between n-6 fatty acids and risk of CHD was not adequately
established with certainty. An inverse association between linoleic acid
intake and risk of coronary death was observed in several prospective
studies (Arntzenius et al., 1985; Gartside and Glueck, 1993), while Pietinen
and coworkers (1997) did not observe a relationship between linoleic acid
intake and risk of CHD. A cross-sectional study showed that linoleic acid was
inversely related to the prevalence of CHD, and this effect was stronger
with higher intakes of linolenic acid (Djoussé et al., 2001). It is difficult to
provide a direct assessment of n-6 fatty acids on risk of CHD without taking
into consideration the impact of several dietary and nondietary factors, in
addition to serum cholesterol concentrations, that lead to CHD and may
be modified by the intake of saturated fat and n-6 fatty acids.

Interventional Evidence. From the standpoint of blood lipid concentra-
tion and CHD, higher n-6 polyunsaturated fatty acid intake generally alters
blood lipid concentration to result in a decreased risk profile (Katan et al.,
1994) (Table 11-9). Controlled trials have examined the effects of sub-
stituting n-6 fatty acids in the diet to replace carbohydrate or saturated
fatty acids (Mensink et al., 1992). In general, any fat that replaces carbo-
hydrate in the diet raises HDL cholesterol and decreases triacylglycerol
concentrations, with only small differences between individual fatty acids.
n-6 Fatty acids decrease LDL cholesterol concentrations to a much greater
degree than do saturated fatty acids (Mensink et al., 1992).

Risk of Diabetes

A number of epidemiological studies have been conducted to ascer-
tain whether the quality of fat can affect the risk for diabetes. An inverse
relationship was reported for vegetable fats and polyunsaturated fats and
risk of diabetes (Colditz et al., 1992; Salmerón et al., 2001; Trevisan et al.,
1990). One study reported a positive association between 2-hour glucose
concentrations and polyunsaturated fatty acid intake (Mooy et al., 1995).
A review of epidemiological studies on this relationship concluded that
higher intakes of polyunsaturated fats could be beneficial in reducing the
risk for diabetes (Hu et al., 2001).

Risk of Nutrient Inadequacy

Dietary n-6 polyunsaturated fatty acids have been reported to contrib-
ute approximately 5 to 7 percent of total energy intake of adults (Allison
et al., 1999; Fischer et al., 1985), and range up to no more than 10 percent
of energy intake (Willett et al., 1987; Appendix Tables E-1 and E-9). The
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main sources of n-6 polyunsaturated fatty acids are vegetable oils (e.g.,
soybean oil, safflower oil, and corn oil). Linoleic acid, the predominant
n-6 polyunsaturated fatty acid, is essential in the diet, and therefore an
Adequate Intake (AI) is set (see Chapter 8). Based on the estimated energy
requirement for each age group, a minimum intake of 5 percent of
energy from linoleic acid would be needed to meet the AI.

TABLE 11-9 Interventional Studies on n-6 Fatty Acid Intake
and Blood Lipid Concentrations

Percent of Energy
Reference Study Design from Fatty Acida

Becker et al., 1983 12 men 4.3 18:2
4-wk crossover 6.8 18:2

18  18:2

Mattson and 20 adults 3.9 18:2
Grundy, 1985 4-wk crossover 29  18:2

McDonald et al., 18 men 7.9 18:2 and 18.8 18:1
1989 18-d parallel 21.3 18:2 and 7.0 18:1

Zock and Katan, 56 men and women 3.8 18:2 (trans diet)
1992 3-wk crossover 3.9 18:2 (18:0 diet)

12  18:2 (18:2 diet)

Kris-Etherton 30 and 33 men 7.2 → 1.7 18:2
et al., 1993 26-d crossover 7.2 → 2.1 18:2

7.2 → 17.8 18:2

5.7 → 1.6 18:2
5.7 → 1.8 18:2
5.7 → 2.1 18:2

Howard et al., 1995 63 men and women 3.0 18:2
6-wk crossover 4.2 18:2

7.0 18:2
12.8 18:2

a 18:2 = linoleic acid, 18:1 = oleic acid.
b LDL-C = low density lipoprotein cholesterol, HDL-C = high density lipoprotein choles-
terol.
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High n-6 Polyunsaturated Fatty Acid Diets

Risk of LDL Oxidation

When exposed to oxidant stress, n-6 fatty acids are vulnerable to attack
by free radicals and oxidation into lipid peroxides (Halliwell and Chirico,
1993). An example of lipid peroxidation is LDL oxidation, which plays an
important role in the development of atherosclerosis (Steinberg et al.,

Postintervention Blood Lipid Concentration (mmol/L)b

Total
LDL-C HDL-C Cholesterol Triacylglycerol

2.11 1.03 3.44 0.81
1.83 1.12 3.28 0.84
1.68 1.17 3.17 0.79

3.70c 1.01c 5.80c 2.93c

3.10d 0.91c 4.94d 2.61c

2.52c 1.35c 3.97c 0.82c

2.03d 1.19d 3.39d 0.82c

3.07c 1.37c 4.90c 1.00c

3.00c 1.41c 4.89c 1.04d

2.83d 1.47d 4.74d 0.95c

2.92c 1.16c 4.55c 0.99c

2.66c 1.14c 4.27d 0.98c

2.15d 1.16c 3.59e 0.82d

3.23c 1.34c 4.89c 0.90c

2.79d 1.40c 4.45c 0.79c

2.82d 1.34c 4.40c 0.76c

4.14 1.16 5.92 1.43
4.14 1.16 5.89 1.41
4.11 1.14 5.87 1.37
4.03 1.16 5.79 1.34

c,d,e Within each study, the blood lipid concentrations that are significantly different
between treatment groups have a different superscript.
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1989). Oxidation products of lipids and proteins are found in athero-
sclerotic plaque and in macrophage foam cells. Compared with mono-
unsaturated fatty acids, in vitro susceptibility of LDLs to undergo oxidative
modification has been shown to increase with increased linoleic acid con-
tent in LDLs as a result of increased intakes of linoleic acid (Abbey et al.,
1993; Berry et al., 1991; Bonanome et al., 1992; Louheranta et al., 1996;
Reaven et al., 1991, 1993, 1994).

The mechanism whereby incorporation of polyunsaturated fatty acids
into LDLs enhances susceptibility of LDL oxidation has been studied
extensively (Chisolm and Steinberg, 2000; Jessup and Kritharides, 2000).
Nonetheless, the hypothesis suggesting that a diet rich in polyunsaturated
fat increases the polyunsaturated fatty acid content of LDL particles and
increases their susceptibility to oxidation, which in turn leads to athero-
sclerosis and CHD, still needs to be substantiated in human studies before
measures of oxidation can be used as adequate indicators of chronic
disease.

Risk of Inflammatory Disorders

There has been significant interest in the use of dietary n-6 fatty acids
to modulate inflammatory response. γ-Linolenic acid (GLA, 18:3n-6) is the
∆6 desaturase product of linoleic acid and is elongated to dihomo-γ-linolenic
acid (DGLA, 20:3n-6). The ∆6 desaturase enzyme is the initial step in
desaturation of linoleic acid to arachidonic acid (see Figure 8-1). When
given as a dietary supplement, GLA has been found to reduce symptoms of
several chronic inflammatory diseases such as rheumatoid arthritis and
atopic dermatitis (Andreassi et al., 1997; Leventhal et al., 1993, 1994; Lovell
et al., 1981; Tate et al., 1989; Zurier et al., 1996). Even though GLA is the
precursor to arachidonic acid, human neutrophils contain an elongase
enzyme that converts GLA to DGLA, but they lack the ∆5 desaturase
needed to form arachidonic acid. As a result, GLA supplementation results
in accumulation of DGLA, but not arachidonic acid, and a reduction in
leukotriene B4 production in neutrophils (Chilton-Lopez et al., 1996;
Johnson et al., 1997; Ziboh and Fletcher, 1992). However, plasma arachidonic
acid concentrations increase after GLA supplementation (Johnson et al.,
1997), and this could have adverse implications for other problems such as
platelet aggregation (Rodier et al., 1993).

Risk of Cancer

An 8-year controlled clinical trial of 846 men demonstrated a signifi-
cant increase in fatal carcinomas when the amount of n-6 polyunsaturated
fatty acids fed was 15 percent of energy compared to 4 percent of energy
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(Pearce and Dayton, 1971). Epidemiological studies, however, suggest that
n-6 polyunsaturated fatty acids are not associated (or have an inverse
relationship) with cancer. Howe and coworkers (1990) analyzed 12 case-
control studies conducted prior to 1990 and determined that the relative
risk of breast cancer for an increment of 45 g of polyunsaturated fat per
day was only 1.25. More recent case-control and prospective studies fur-
ther support the minimal effect of n-6 polyunsaturated fatty acids on breast
cancer risk (Männistö et al., 1999; Toniolo et al., 1994). A similar relation-
ship has been reported for linoleic acid intake and prostate cancer
(Giovannucci et al., 1993; Schuurman et al., 1999). A meta-analysis of
7 cohort studies (Hunter et al., 1996) and a combined analysis of 12 case-
control studies (Howe et al., 1990) consistently found no relationship
between polyunsaturated fats or vegetable fats and risk of breast cancer.
The range of intake of polyunsaturated fat was sufficiently large in these
combined studies to comfortably conclude that the epidemiological evi-
dence largely contradicts the animal studies; at least to date, no association
between polyunsaturated fat, mainly n-6 fatty acids, and risk of breast
cancer has been detected. Furthermore, in a review of the literature and
meta-analyses of case-controlled and prospective epidemiological studies,
Zock and Katan (1998) concluded that it was unlikely that high intakes of
linoleic acid substantially raise the risk of breast, colorectal, or prostate
cancer.

Risk of Nutrient Excess

High intakes of linoleic acid can inhibit the formation of long-chain
n-3 polyunsaturated fatty acids from α-linolenic acid, which are precursors
to the important eicosanoids (see Chapter 8).

Acceptable Macronutrient Distribution Range

Based on the median energy intakes for each age group (Appendix
Table E-1), a minimum intake of 5 percent of energy from linoleic acid
would be needed to meet the AI (see Chapter 8). An upper boundary of
10 percent of energy is estimated based on the following information:
(1) the highest intake of n-6 polyunsaturated fatty acids for individuals in
North America is approximately 10 percent of energy, (2) there is not a
large body of epidemiological evidence that demonstrates the long-term
safety of n-6 polyunsaturated fatty acid intakes exceeding 10 percent of
energy from typical mixed diets, and (3) evidence from human studies
demonstrates that enrichment of lipoproteins and cell membranes with
n-6 polyunsaturated fatty acids contributes to a pro-oxidant state, thus
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suggesting caution for recommending intakes that exceed 10 percent of
energy. For these reasons, an Acceptable Macronutrient Distribution Range
(AMDR) is estimated to be 5 to 10 percent of energy for children and
adults.

n-3 POLYUNSATURATED FATTY ACIDS

Low n-3 Polyunsaturated Fatty Acid Diets

Risk of CHD and Stroke

Growing evidence suggests that dietary n-3 polyunsaturated fatty acids
(eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]) reduce
the risk of coronary heart disease (CHD) and stroke. n-3 Polyunsaturated
fatty acids may reduce CHD risk through a multitude of mechanisms by
(1) preventing arrhythmias (Billman et al., 1999; Kang and Leaf, 1996;
McLennan, 1993), (2) reducing atherosclerosis (von Schacky et al., 1999),
(3) decreasing platelet aggregation by inhibiting the production of throm-
boxane A2 (Harker et al., 1993), (4) decreasing plasma triacylglycerol con-
centration (Harris, 1989), (5) slightly increasing high density lipoprotein
(HDL) cholesterol concentration and decreasing triacylglycerol concen-
tration (Harris, 1989, 1997), (6) modulating endothelial function (De
Caterina et al., 2000), (7) decreasing proinflammatory eicosanoids (James
et al., 2000), and (8) moderately decreasing blood pressure (Morris, 1994).

Epidemiological Evidence. Many of the epidemiological studies used fish
or fish oil intake as a surrogate for n-3 polyunsaturated fatty acid intake.
The amounts of n-3 fatty acids vary greatly in fish, however, and unless the
amounts of n-3 fatty acids are known, any conclusions are open to question.
Furthermore, other components in fish may have effects that are similar to
n-3 fatty acids and therefore may confound the results. Early epidemiological
studies of Greenland Eskimos suggested that diets high in n-3 fatty acids,
predominantly EPA and DHA, might protect against CHD (Bang et al.,
1976; Dyerberg and Bang, 1979). Subsequent observational epidemiological
studies have shown mixed results. In the Zutphen study, eating fish one or
two times per week was associated with a significant reduction in CHD
mortality (Kromhout et al., 1985). A similar result was found in Rotterdam
that compared older people who ate fish with those who did not (Kromhout
et al., 1995). In three cohorts from the Seven Countries Study, the con-
sumption of fatty fish, but not total fish or lean fish, was associated with a
34 percent decrease in CHD mortality (Oomen et al., 2000). In the
Chicago Western Electric Study, eating more than 35 g/d of fish resulted
in decreased CHD mortality, mainly of the nonsudden death type (Daviglus
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et al., 1997). Utilizing data from 36 countries, an inverse correlation was
found between fish consumption and CHD and all-cause mortality (Zhang
et al., 1999). In the Multiple Risk Factor Intervention Trial, CHD mortality
and intake of n-3 fatty acids from fish were significantly and inversely cor-
related (Dolecek, 1992). In the Physicians’ Health Study, eating fish once
per week decreased the relative risk of sudden cardiac death by 52 percent
compared with eating fish less than once per month (Albert et al., 1998).
In this study, although dietary total n-3 fatty acid intake correlated inversely
with total mortality, no effect on total myocardial infarction, nonsudden
cardiac death, or total cardiovascular mortality was observed. The relative
risk of sudden death was only 0.58 when 0.3 to 2.6 g/mo of total n-3 fatty
acids were consumed. Siscovick and colleagues (1995) reported that a
mean intake of 2.9 and 5.5 g/mo of long-chain n-3 fatty acids reduced the
risk of primary cardiac arrest by 30 and 50 percent, respectively. A cross-
sectional study showed that α-linolenic acid was inversely related to the
prevalence of CHD; this effect was stronger with increasing intakes of
linoleic acid (Djoussé et al., 2001).

In contrast to the above studies, the Health Professionals’ Follow-up
Study showed no significant association between fish intake and risk of
CHD (Ascherio et al., 1995). In 16 cohorts from the Seven Countries Study,
an inverse association between fish consumption and CHD mortality was
found, but after correcting for saturated fat and flavonoid intakes and
smoking, this association was not significant (Kromhout et al., 1996).
Finally, in the EURAMIC study, adipose tissue biopsy from cases with first
myocardial infarction and controls indicated lower α-linolenic acid intake
in cases and a relative risk reduction of 58 percent comparing the highest
versus lowest quintile of α-linolenic acid intake (Guallar et al., 1999). After
adjustment for classical risk factors, the reduction was only 32 percent and
no longer significant. In a meta-analysis of 11 prospective cohort studies of
fish intake and CHD mortality, the two largest studies found no protective
effect and the two smallest found an inverse relationship, with intermediate
size studies showing intermediate benefits (Marckmann and Grønbaek,
1999). This analysis suggested that 40 to 60 g/d of fish provided a reduc-
tion in CHD mortality in high-risk, but not low-risk, individuals.

There are fewer data with regard to the effects of fish and n-3 poly-
unsaturated fatty acids on stroke. In the Zutphen Study, consumption of
more than 20 g/d of fish was associated with a decrease in the risk of
stroke (Keli et al., 1994). In the NHANES Epidemiological Follow-up Study,
for white women and for black women and men, but not white men, con-
sumption of fish more than once a week was associated with decreased
age-adjusted stroke incidence (Gillum et al., 1996). In the Nurses’ Health
Study, higher consumption of fish and n-3 polyunsaturated fatty acids were
associated with a reduced risk of total stroke and thrombotic infarction
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but not hemorrhagic stroke (mainly among women who did not take
aspirin regularly) (Iso et al., 2001). In contrast, in the Chicago Western
Electric Study and the Physicians’ Health Study, fish intake was not signifi-
cantly associated with decreased stroke risk (Morris et al., 1995; Orencia et
al., 1996).

Nonclinical Interventional Evidence. Supplementation with fish oil, which
is high in EPA and DHA, reduces triacylglycerol concentrations; low density
lipoprotein (LDL) and HDL cholesterol concentrations are either increased
or unchanged (Ågren et al., 1996; Axelrod et al., 1994; Bhathena et al.,
1991; Bønaa et al., 1992; DeLany et al., 1990; Eritsland et al., 1994a;
Haglund et al., 1990; Lungershausen et al., 1994; Mori et al., 1991; Nelson
et al., 1997a; Sanders and Hinds, 1992; Saynor and Gillott, 1992; Schmidt
et al., 1992).

Data from studies on the effects of EPA and DHA as a percent of
energy on blood lipid concentrations in healthy individuals are presented
in Table 11-10. In general, EPA+DHA intake is associated with small
increases in LDL and HDL cholesterol concentrations and a significant
decrease in triacylglycerol concentrations (Harris, 1997).

The consumption of 3.65 to 6 g/d of n-3 polyunsaturated fatty acids
inhibits platelet aggregation, which in turn prevents the risk of CHD (Mori
et al., 1997; Tremoli et al., 1995). Some studies, however, did not show an
effect on platelet aggregation after the consumption of 4.5 to 6 g/d of
EPA+DHA (Nelson et al., 1997b; Turini et al., 1994).

Randomized, Controlled Clinical Trials Evidence. There are four random-
ized, controlled clinical trials that show a benefit of fish, fish oils, or
α-linolenic acid on CHD prevention. In the Diet and Reinfarction Trial
(DART), male myocardial infarction (MI) survivors were encouraged to
increase their oily fish intake to 200 to 400 g/wk in order to increase EPA
and DHA intake. Over a 2-year period, this resulted in a significant reduc-
tion in total mortality, with the greatest benefit in a lower rate of fatal MI
(Burr et al., 1989a, 1989b). In the DART trial, of the group randomized to
ingest dietary fish, a subgroup chose to ingest 1.5 g/d of fish oil capsules
rather than to consume fish. The capsule group had a significant reduction
in CHD death and a significant reduction in all-cause mortality, suggesting
that the benefits of the fish consumption were in the fish oil fraction (Burr
et al., 1994). In the Indian Experiment of Infarct Survival, MI survivors
were treated with either fish oil capsules (1.08 g/d of EPA) or mustard oil
(2.9 g/d of α-linolenic acid) or placebo for 1 year (Singh et al., 1997). The
fish oil and mustard oil groups had decreased total cardiac events, non-
fatal infarctions, arrhythmias, left ventricular enlargement, and angina
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pectoris. The fish oil group, but not the mustard oil group, had decreased
cardiac deaths. In the Lyon Diet Heart Study, post-MI patients were
randomized into a control group or into an experimental group that
received dietary counseling and a special margarine containing α-linolenic
acid (de Lorgeril et al., 1994, 1999). The control and experimental groups
consumed approximately 0.27 and 0.81 percent of energy as α-linolenic
acid, respectively. There was a significant reduction in risk for cardiac
death for the experimental group after 27 months, and a reduction after a
4-year follow-up. The extent to which these reductions in risk were due to
n-3 fatty acids is uncertain.

In another trial, patients with recent MI were randomized to receive
300 mg of vitamin E, 850 mg of n-3 fatty acids (EPA+DHA), both, or neither
(GISSI-Prevenzione Investigators, 1999). After 3.5 years, the n-3 fatty acid
group experienced a 15 percent reduction in the primary endpoints of
death, nonfatal myocardial infarction, and nonfatal stroke, and a 20 per-
cent reduction in the other primary endpoints of cardiovascular death,
nonfatal myocardial infarction, and nonfatal stroke. This group also expe-
rienced a 20 percent reduction in all-cause mortality and a 45 percent
reduction in sudden deaths compared with the control group. Vitamin E,
in contrast to n-3 polyunsaturated fatty acids, had no beneficial effects on
cardiovascular endpoints.

n-3 Polyunsaturated fatty acids have also been reported to reduce
blood pressure in hypertensive individuals. A meta-analysis of 31 placebo-
controlled trials estimated a mean reduction in systolic and diastolic blood
pressure of 3.0 and 1.5 mm Hg, respectively (Morris et al., 1993). Further-
more, a statistically significant dose–response effect occurred with the
smallest reduction observed with intakes of less than 3 g/d and the largest
reduction observed with intakes at 15 g/d.

When 55 individuals were randomized to receive either 5.2 g/d of n-3
fatty acids or a placebo for 12 weeks, heart rate variability (naturally occur-
ring irregular heart beats) significantly increased after supplementation
with n-3 fatty acids (Christensen et al., 1997). Because impaired heart rate
variability is associated with increased arrhythmic events (Farrell et al.,
1991), this finding supports the hypothesis that n-3 polyunsaturated fatty
acids have antiarrhythmic effects in humans (Christensen et al., 1997). A
more recent study by Christensen and coworkers (1999) reported a dose–
response effect on heart rate variability, suggesting antiarrhythmic effects
in men but not women, given 3 g/d of EPA plus 2.9 g/d of DHA or 0.9 g/d
of EPA plus 0.8 g/d of DHA for 12 weeks. However, the beneficial effect
was found only in men with low initial heart rate variability.
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Risk of Obesity

One study in laboratory mice suggested that diets containing n-3 poly-
unsaturated fatty acids lead to lower levels of fat accumulation compared
with diets containing other fatty acids (Hun et al., 1999). Several studies
have examined whether n-3 polyunsaturated fatty acids affect growth of
adipose tissue. Parrish and colleagues (1990, 1991) found that rats given a
high fat diet supplemented with fish oil had less fat in perirenal and
epididymal fat pads and decreased adipocyte volumes compared with rats
fed lard. Adipose tissue growth restriction appeared to be the result of
limiting the amount of triacylglycerol in each adipose tissue cell rather
than by limiting the number of cells. Rustan and colleagues (1993) found
similar results using rats fed either lard or lard supplemented with EPA
and DHA. Although body weight gain and mean energy expenditure were
similar for both groups, the mean respiratory quotient was significantly
higher during both fasting and fed periods in rats fed the EPA+DHA
supplement. The researchers concluded that the rats supplemented with
n-3 fatty acids demonstrated reduced oxidation of fat and increased carbo-
hydrate utilization. Little data exist with respect to the specific effects of
dietary n-3 polyunsaturated fatty acids on adiposity in humans; therefore,
prevention of obesity cannot be considered an indicator at this time.

Risk of Diabetes

Epidemiological Evidence. While several studies have reported a nega-
tive relationship between polyunsaturated fatty acid intake and risk of
diabetes (Colditz et al., 1992; Salmerón et al., 2001; Trevisan et al., 1990),
fish intake has specifically been reported to have a negative association
(Feskens et al., 1991b, 1995). A review of the epidemiological data on this
association concluded that polyunsaturated fatty acids, and possibly long-
chain n-3 fatty acids, could be beneficial in reducing the risk of diabetes
(Hu et al., 2001).

Interventional Evidence. Studies conducted in rodents have shown that
administration of fish oil results in increased insulin sensitivity (Chicco et
al., 1996) and corrected hyperinsulinemia (Luo et al., 1996). Substituting
a proportion of the fat in a high fat diet with fish oil prevented the devel-
opment of insulin resistance in rats (Storlien et al., 1987) and normalized
insulin action in rats experiencing severe insulin resistance (Storlien et al.,
1991). Additionally, rats prone to spontaneous diabetes mellitus that were
given EPA in doses of 0.1, 0.3, and 1.0 g/kg/d for 8 months had reduced
incidences of diabetes (92, 50, and 17 percent, respectively) (Nobukata et
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al., 2000). Thus, animal evidence suggests that the fatty acid composition
of the diet may be an important factor in the effect of dietary fat on insulin
action.

Whether a change of dietary fat composition will alter insulin sensitivity
in humans remains an open question. Studies in humans have demon-
strated a relationship between increased insulin sensitivity and the proportion
of long-chain n-3 polyunsaturated fatty acids in skeletal muscle phospho-
lipids (Borkman et al., 1993; Clore et al., 1998). Supplementation with
EPA and DHA resulted in improved insulin sensitivity in diabetic individuals
(Popp-Snijders et al., 1987) and increased the insulin-stimulated glucose
disposal rate in patients with impaired glucose tolerance (Fasching et al.,
1991). However, other studies in nondiabetic individuals (Toft et al., 1995)
and individuals with type 2 diabetes (Annuzzi et al., 1991; Luo et al., 1998)
reported no beneficial effect of n-3 fatty-acid supplementation on insulin
action.

Risk of Cancer

Experimental evidence suggests several mechanisms in which n-3 poly-
unsaturated fatty acids may protect against cancer. n-3 Polyunsaturated
fatty acids, particularly DHA and EPA, have been shown to suppress neo-
plastic transformation (Takahashi et al., 1992), inhibit cell growth and
proliferation (Anti et al., 1992; Calviello et al., 1998; Grammatikos et al.,
1994), induce apoptosis (Calviello et al., 1998; Lai et al., 1996), and inhibit
angiogenesis (Rose and Connolly, 2000), which may occur by suppressing
n-6 fatty acid eicosanoid production (see Chapter 8). Animal studies with
n-3 fatty acid or fish-oil supplementation have shown inhibition of mammary
carcinogenesis and tumor growth (Grammatikos et al., 1994; Karmali et
al., 1984), colon carcinogenesis (Deschner et al., 1990; Reddy et al., 1991),
and prostate tumorigenesis and tumor cell growth (Karmali et al., 1987).

Across-country epidemiological studies have shown an inverse relation-
ship between dietary fish intake and breast cancer incidence and mortality
(Kaizer et al., 1989; Sasaki et al., 1993), but the intakes of n-3 fatty acids in
these studies are not well defined. Moreover, despite these results, most
case-control and prospective studies have not reported a protective effect
of fish consumption on breast cancer (Willett, 1997). Ecological studies
have also shown inverse relationships between fish and fish oil intake and
colorectal cancer (Caygill and Hill, 1995; Caygill et al., 1996), although
some were nonsignificant (Hursting et al., 1990). Results from case-control
and prospective studies have been somewhat equivocal (Boutron et al.,
1991). However, Willett and colleagues (1990) found that higher fish con-
sumption was associated with less colon cancer in women. No significant
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associations were reported in the few studies that have examined fish con-
sumption and risk of prostate cancer (Giovannucci et al., 1993; Severson
et al., 1989; Talamini et al., 1992).

Risk of Nutrient Inadequacy

Vegetable oils, such as soybean oil, flaxseed oil, and canola oil, contain
high amounts of α-linolenic acid. Fatty fishes and fish oils provide a mix-
ture of biologically active EPA and DHA. n-3 Polyunsaturated fatty acids
(α-linolenic acid) are essential in the diet and Adequate Intakes (AIs)
have been set (see Chapter 8). Intakes of α-linolenic acid range from
approximately 0.6 to 1.2 percent of energy (Appendix Tables E-1 and E-
11). Low intakes of α-linolenic acid can result in inadequate biosynthesis
of the longer-chain n-3 polyunsaturated fatty acids, resulting in an exces-
sive ratio of n-6 polyunsaturated fatty acids (see Chapter 8).

High n-3 Polyunsaturated Fatty Acid Diets

There is evidence to suggest that high intakes of n-3 polyunsaturated
fatty acids (EPA and DHA) may have adverse effects on immune function
and may increase the risk of excessive bleeding and hemorrhagic stroke
(see Chapter 8). High intakes of n-3 polyunsaturated fatty acids (α-linolenic
acid) can also result in inadequate biosynthesis of long chain n-6 poly-
unsaturated fatty acids that are important for prostaglandin and eicosanoid
synthesis (see Chapter 8).

Acceptable Macronutrient Distribution Range

α-Linolenic acid is essential in the diet and therefore AIs have been
set (see Chapter 8). Up to 10 percent of the AI can be consumed as EPA
and/or DHA. The above studies suggest that α-linolenic acid, EPA, and
DHA may provide beneficial health effects when consumed at moderate
levels. Based on the median energy intake by the various age groups
(Appendix Table E-1), it is estimated that approximately 0.6 percent of
energy from α-linolenic acid is needed to meet the AI. This level is used as
the lower boundary for the Acceptable Macronutrient Distribution Range
(AMDR) for α-linolenic acid. The upper boundary of the AMDR for
α-linolenic acid is set at 1.2 percent of energy and represents the highest
levels of α-linolenic acid consumed in the form of foods by individuals in
North America. Data from interventional studies to support the benefit of
even higher intakes of α-linolenic acid were not considered strong enough
to justify establishing an upper boundary greater than 1.2 percent of
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energy. Approximately 10 percent of the AMDR for n-3 fatty acids
(α-linolenic acid) can be consumed as EPA and/or DHA (0.06 to 0.12 per-
cent of energy).

SATURATED FATTY ACIDS, TRANS FATTY ACIDS,
AND CHOLESTEROL

Low Saturated Fatty Acid, Trans Fatty Acid, and Cholesterol Diets

There are no known risks of chronic disease from consuming low
intakes of saturated fatty acids, trans fatty acids, or cholesterol. In the
United States, saturated fatty acids provided 11 to 12 percent of energy in
adult diets and 12.2 to 13.9 percent of energy in the diets of children and
adolescents (CDC, 1994). It is estimated that the intake of trans fatty acids
is approximately 2.6 percent of energy (Allison et al., 1999). The intake
of cholesterol by American adults ranges from less than 100 mg/d to just
under 770 mg/d (Appendix Table E-15).

It is important to recognize that lower intakes of saturated fatty acids
and cholesterol are observed for vegetarians, especially vegans (Janelle
and Barr, 1995; Shultz and Leklem, 1983). Because certain micronutrients,
saturated fats, and cholesterol are consumed mainly through animal foods,
it is possible that diets low in saturated fat and cholesterol are associated
with low intakes of these micronutrients. When the micronutrient intakes
of Seventh-day Adventist vegetarians and nonvegetarians were measured,
there were no significant reductions in micronutrient intakes with the
lower saturated fat (7.3 versus 12.6 percent of energy) and cholesterol
intakes (186 versus 404 mg/d) of vegetarian compared to nonvegetarian
men (12.6 percent of energy and 404 mg/d) (Shultz and Leklem, 1983).
Similarly, the intakes of most micronutrients were not significantly lower
for vegans, except for vitamin B12 (0.51 versus 3.79 mg/d), riboflavin
(1.32 versus 1.72 mg/d), and calcium (578 versus 950 mg/d). Vegans had
significantly lower intakes of saturated fat (6.9 versus 10.6 percent of energy)
and cholesterol (94 versus 231 mg/d) than nonvegetarians (Janelle and
Barr, 1995).

Analysis of nutritionally adequate menus indicates that there is a mini-
mum amount of saturated fat that can be consumed so that sufficient
levels of linoleic and α-linolenic acid are consumed (as an example see
Appendix Tables G-1 and G-2). Other than soy products that are high in
n-6 and n-3 fatty acids, many vegetable-based fat sources are also high in
saturated fatty acids, and these differences should be considered in plan-
ning menus.
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High Saturated Fatty Acid, Trans Fatty Acid, and Cholesterol Diets

There is a body of evidence suggesting that saturated and trans fatty
acids and cholesterol increase blood total and low density lipoprotein
cholesterol concentrations, and therefore the risk of coronary heart dis-
ease (CHD) (see Chapters 8 and 9). Because the intake of each of these
three nutrients and risk of CHD is a positive linear trend, even very low
intakes of each may increase risk.

To minimize saturated fatty acid intake requires decreased intake of
animal fats (e.g., meat fat and butter fat) and certain oils, such as coconut
and palm kernel oil. Saturated fatty acids can be reduced by choosing lean
cuts of meat, trimming away visible fat on meats, and eating smaller por-
tions. The amount of butter that is added to foods can be minimized or
replaced with vegetable oils or nonhydrogenated vegetable oil spreads.
Vegetable oils, such as canola and safflower oil, can be used to replace
more saturated oils such as coconut and palm oil. Such changes can reduce
saturated fat intake without altering the intake of essential nutrients.

A reduction in the frequency of intake or serving size of certain foods
such as liver (375 mg/3 oz slice) and eggs (250 mg/egg) can help reduce
the intake of cholesterol, as well as foods that contain eggs, such as cheese-
cake (170 mg/slice) and custard pie (170 mg/slice). There are a number
of meats and dairy products that contain low amounts of cholesterol (e.g.,
lean meats [30 mg/2 slices] and 2 percent milk [18 mg/cup]). Therefore,
there are a variety of foods that are low in saturated fat and cholesterol
and also abundant in essential nutrients such as iron, zinc, and calcium.

Trans fatty acids are high in stick margarine and those foods containing
vegetable shortenings that have been subjected to hydrogenation. Examples
of foods that contain relatively high levels of trans fatty acids include cakes,
pastries, doughnuts, and french fries (Litin and Sacks, 1993). Therefore,
the intake of trans fatty acids can be reduced without limiting the intake of
most essential nutrients by decreasing the serving size and frequency of
intake of these foods, or by using unhardened oil.

CONJUGATED LINOLEIC ACID

Conjugated linoleic acid (CLA) has been shown to play a role in the
alteration of body composition in animals (Park et al., 1997), the inhibition
of tumor cell growth (Whigham et al., 2000), and the inhibition of experi-
mental atherosclerosis in animals (Lee et al., 1994). The trans-10,cis-12
CLA isomer appears to be the isomer primarily responsible for the induc-
tion of changes in body composition (de Deckere et al., 1999; Park et al.,
1999). Several studies suggest that these changes are primarily due to a
reduction in lipid uptake by adipocytes (Pariza et al., 2001), which results



MACRONUTRIENTS AND HEALTHFUL DIETS 837

from the action of CLA on the activities of stearoyl-coenzyme A desaturase
(Choi et al., 2000; Lee et al., 1998) and lipoprotein lipase (Park et al.,
1997, 1999). The trans-10,cis-12 CLA isomer has also been reported to
inhibit proliferation and differentiation in cultured mouse adipocytes (Brodie
et al., 1999) and to induce apoptosis in vivo in the adipose tissue of mice
(Tsuboyama-Kasaoka et al., 2000). In addition to body fat reduction, dietary
CLA may increase whole body protein accretion in animals, suggesting the
enhancement of lean body mass (Ostrowska et al., 1999; Park et al., 1997;
Stangl, 2000).

Research on the effects of CLA on body composition in humans has
provided conflicting results. Blankson and coworkers (2000) conducted a
study in overweight and obese men and women given either placebo or
1.7, 3.4, 5.1, or 6.8 g/d of a CLA preparation consisting of equal parts of
the cis-9,trans-11 and trans-10,cis-12 isomers. After 12 weeks, none of the
groups exhibited significant reductions in body weight or body mass index.
However, the groups given 1.7, 3.4, and 6.8 g/d of CLA showed significant
decreases in body fat mass compared to the placebo group. No differences
in lean body mass were observed. Zambell and coworkers (2000) studied
the effects of CLA supplementation in healthy adult women given either
placebo or 3 g/d of CLA for 64 days. They found no significant changes in
fat-free mass, fat mass, body weight, or percentage of body fat with CLA
supplementation.

CLA has been studied for its potential anticancer benefits in numerous
animal and in vitro models. CLA mixtures have been shown to exhibit
anticarcinogenic properties in skin, lung, forestomach, colorectal, prostate,
and mammary tissues (Cesano et al., 1998; Ha et al., 1990; Liew et al.,
1995; Schønberg and Krokan, 1995; Shultz et al., 1992), although the
majority of the research has been conducted with breast cancer. Ip and
Scimeca (1997) conducted a study in female rats chemically induced for
mammary tumors and fed a diet containing either 2 percent or 12 percent
linoleic acid. The rats were also supplemented with 0, 0.5, 1, 1.5, or 2 per-
cent CLA. The researchers found that increasing CLA from 0.5 to 1 per-
cent resulted in a dose-dependent decrease in both tumor incidence and
total number of tumors. No further protection was observed in the groups
receiving 1.5 or 2 percent CLA. In addition to inhibiting tumor growth,
CLA eliminated the spread of breast cancer cells to the lungs, peripheral
bone, and bone marrow of mice supplemented with 1 percent CLA
(Visonneau et al., 1997).

Although the exact mechanisms of the anticarcinogenic effects of CLA
are not fully understood, several explanations have been offered. It has
been suggested that growth inhibition of cancer cells may be due to the
ability of CLA to inhibit protein and nucleotide biosynthesis (Ip et al.,
1999; Shultz et al., 1992) and to induce cell apoptosis (Ip et al., 1999,
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2000). Antioxidant activity of CLA has also been suggested (Ha et al.,
1990; Ip et al., 1991); however, this theory has been contradicted by studies
showing that CLA does not decrease lipid peroxide formation (Cunningham
et al., 1997; van den Berg et al., 1995). Another possible mechanism of
cancer cell growth inhibition by CLA includes alteration of eicosanoid
metabolism. CLA may compete with linoleic acid in its conversion to
arachidonic acid, thereby reducing the biosynthesis of eicosanoids (Banni
et al., 1999), which have been associated with the proliferation of cultured
breast cancer cells (Karmali, 1986; Noguchi et al., 1995). CLA has been
shown to reduce leukotriene B4 and prostaglandin E2 levels in animals
(Kavanaugh et al., 1999; Sugano et al., 1998). To date, there are insuffi-
cient data in humans to recommended a level of CLA at which beneficial
health effects may occur.

DIETARY FIBER AND FUNCTIONAL FIBER

Low Fiber Diets

A low fiber diet is often attributed to the intake of a low carbohydrate
diet. A number of adverse clinical effects, including impaired laxation and
increased risk of cancer, obesity, heart disease, and type 2 diabetes, have
been associated with the chronic consumption of low amounts of Dietary
Fiber or Functional Fiber. The studies to support a beneficial role of these
fibers are reviewed in Chapter 7.

Certain animal studies have shown that some fibers can actually
enhance mineral absorption (Demigné et al., 1989; Levrat et al., 1991a,
1991b). There are several potential mechanisms by which ingestion of
Dietary Fiber may actually enhance mineral status. For example, a more
acidic pH in the colon is produced with fiber fermentation, and this results
in more ionized calcium, which is better absorbed (Rémésy et al., 1992).
Dietary Fiber in the colon can also stimulate bacterial fermentation, which
has been associated with increases in calcium, magnesium, and potassium
absorption (Demigné et al., 1989; Levrat et al., 1991a ). Many fiber sources,
such as karaya gum, sugar beet fiber, and coarse bran, are also excellent
sources of minerals (Behall et al., 1987; Fairweather-Tait and Wright, 1990;
Van Dokkum et al., 1982).

Several investigators have shown that inulin and fructooligosaccharides
actually enhance calcium and magnesium absorption (Coudray et al., 1997;
Delzenne et al., 1995; Levrat et al., 1991b; Ohta et al., 1995). There is also
indirect evidence of this same enhancement with calcium in humans
(Trinidad et al., 1993, 1996). A direct effect of fiber on mineral absorption
has also been reported in humans where inulin increased the apparent
absorption and balance of calcium (Coudray et al., 1997).
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High Fiber Diets

There is limited data to suggest that chronic consumption of high
fiber diets results in adverse health effects (see Chapter 7). Gastrointestinal
distress can occur with the consumption of high fiber diets, but this often
subsides with time.

DIETARY PROTEIN

Low Protein Diets

Although uncommon in North America, protein–energy malnutrition
(PEM) is one of the most common nutritional diseases in developing coun-
tries (Torun and Chew, 1999). The etiology of PEM is complex as there
are a number of factors that are attributed to its onset, including insuffi-
cient food intake or intake of low protein-containing foods, which in turn
is attributed to poverty, unsanitary conditions, and food insecurity. Because
PEM is attributed to insufficient food intake, not only are protein and
energy limited, but the micronutrients that are often present in protein-
containing foods are also limited. Epidemiological analysis from 53 devel-
oping countries indicated that 56 percent of deaths in young children
were due to the potentiating effects of malnutrition in infectious diseases
(Pelletier et al., 1995). The increased duration or susceptibility to infec-
tious diseases such as respiratory infections and diarrhea are due, in part,
to the involvement of protein in immune function.

Impaired Immune Function

Chandra (1972) showed that in individuals with PEM, a variety of
immune responses were impaired. The major defects observed with severe
PEM involve T lymphocytes and the complement system. With PEM, the
number of lymphocytes is markedly reduced and delayed cutaneous hyper-
sensitivity responses to both recall and new antigens are depressed
(Chandra, 1991), as is the production of several components of the
complement system (Keusch et al., 1984). Furthermore, antibody affinity
(Chandra et al., 1984) and lysozyme concentrations (Chandra and
Newberne, 1977) are decreased.

Impaired Growth

Low protein intake during pregnancy is correlated with a higher inci-
dence of low birth weight (King, 2000). Furthermore, in children, diets
low in protein and energy are most frequently associated with a deficit in
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weight-for-height (wasting) and height-for-age (stunting) (Waterlow,
1976). These deficits can be corrected by the provision of a high protein
diet (Badaloo et al., 1999) and with an adequate energy intake to permit
catch-up growth. For these reasons, various anthropometric measures are
used for diagnosis and monitoring the treatment of PEM.

Low Birth Weight

Rush and coworkers (1980) found decreases in both gestational length
and birth weight and increases in very early premature births and mortal-
ity with high density protein supplementation (additional 40 g/d) in poor,
black pregnant women at risk of having low birth weight infants. In
contrast, Adams and coworkers (1978) reported no differences from the
controls in mean birth weights of infants of mothers at risk of having a low
birth weight infant when these women were supplemented with 40 g/d of
protein. No reports were found of protein toxicity in healthy pregnant or
lactating women that were not at risk of having a low birth weight infant.
Thus, at the present time, low birth weight cannot be utilized to set a
Tolerable Upper Intake Level (UL) for protein for women.

Risk of Nutritional Inadequacy

High quality protein is typically consumed via animal products, and
therefore vegetarians may consume less high quality protein than omni-
vores. Because animal foods are the primary sources of certain nutrients,
such as calcium, vitamin B12, and bioavailable iron and zinc, low protein
intakes may result in inadequate intakes of these micronutrients. As an
example, Janelle and Barr (1995) reported significantly lower intakes of
riboflavin, vitamin B12, and calcium by vegans who also consumed lower
amounts of protein (10 versus 15 percent of energy) compared with
nonvegetarians.

Vegetable protein has been shown to decrease plasma cholesterol con-
centrations in experimental animals and humans (Nagata et al., 1998;
Nicolosi and Wilson, 1997; Terpstra et al., 1991). When the ratio of
casein:soybean protein in the diet was decreased, there was a reduction in
total and non-high density lipoprotein cholesterol concentrations (Fernandez
et al., 1999; Teixeira et al., 2000). In laboratory animals, it was shown that
the onset of atherosclerosis was significantly reduced when animals were
fed a textured vegetable protein diet compared to a beef protein diet
(Kritchevsky et al., 1981).
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High Protein Diets

Osteoporosis

There is a substantial amount of literature that documents the increase
in urinary excretion of calcium with increasing protein intake (Allen et al.,
1979; Heaney, 1993; Lemann, 1999). The magnitude of this effect for a
doubling of the protein intake, in the absence of change in any other
nutrient, is a 50 percent increase in urinary calcium (Heaney, 1993). This
has two potential detrimental consequences: loss of bone calcium and
increased risk of renal calcium stone formation. Loss of calcium from
bone is thought to occur because of bone mineral resorption that provides
the buffer for the acid produced by the oxidation of the sulfur amino
acids of protein (Barzel and Massey, 1998). However, although increased
resorption of bone with increased protein intake has been shown
(Kerstetter et al., 1999; Whiting et al., 1997), whether this in practice leads
to bone loss and osteoporosis is controversial (Barzel and Massey, 1998;
Heaney, 1998). It has recently been concluded that there may be no need
to restrain dietary protein intake. Poor protein status itself leads to bone
loss, whereas increased protein intake may lead to increased calcium intake,
and bone loss does not occur if calcium intake is adequate (Heaney, 1998).
In a recent prospective study of men and women aged 55 to 92 years,
consumption of animal protein was positively associated with bone mineral
density in women, but not in men (Promislow et al., 2002). In contrast,
Dawson-Hughes and Harris (2002) reported no association between
protein intake and bone mineral density in 342 healthy men and women
aged 65 years and older. However, when the individuals were given cal-
cium citrate malate and vitamin D in addition to the high protein intake,
there was a favorable change in bone mineral density.

Kidney Stones

It has been estimated that 12 percent of the population in the United
States will suffer from a kidney stone at some time (Sierakowski et al.,
1978). The most common form of kidney stone is composed of calcium
oxalate, and its formation is promoted by high concentrations of calcium
and oxalate in the urine. A high animal protein intake in healthy humans
increases urinary calcium and oxalate and the overall probability of form-
ing kidney stones by 250 percent (Robertson et al., 1979). Conversely,
restricting protein intake improved the lithogenic profile in hypercalciuric
patients (Giannini et al., 1999). Also, the incidence of calcium oxalate
stones has been shown to be associated with consumption of animal pro-
tein (Curhan et al., 1996; Robertson and Peacock, 1982). In contrast, the
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only long-term prospective trial (4.5 years) of the effect of animal protein
restriction on stone formation in newly diagnosed patients with calcium
stones gave a negative result (Hiatt et al., 1996). The relative risk factor for
recurrent stone formation was 5.6 (confidence interval 1.2–26.1), suggest-
ing that the dietary advice was detrimental. In this study, 50 patients were
given low animal protein (56 to 64 g/d) and high fiber, plus adequate
fluid and calcium, whereas 49 control patients were only instructed to take
adequate water and calcium. However, as protein intake was not the only
variable, and in view of the data described above suggesting benefits from
lower protein intake, further investigation is necessary.

Renal Failure

Restriction of dietary protein intake is known to lessen the symptoms
of chronic renal insufficiency (Walser, 1992). This raises two related, but
distinct questions: Do high protein diets have some role in the develop-
ment of chronic renal failure? Do high protein intakes accelerate the pro-
gression of chronic renal failure? The concept that protein restriction
might delay the deterioration of the kidney with age was based on studies
in rats in which low energy or low protein diets attenuated the develop-
ment of chronic renal failure (Anderson and Brenner, 1986, 1987). Walser
(1992) has argued that this mechanism is unlikely to operate in humans.
In particular, the decline in kidney function in the rat is mostly due to
glomerulosclerosis, whereas in humans it is due mostly to a decline in
filtration by nonsclerotic nephrons. Also, when creatinine clearance was
measured in men at 10- to 18-year intervals, the decline with age did not
correlate with dietary protein intake (Tobin and Spector, 1986). Correla-
tion of creatinine clearance with protein intake showed a linear relation-
ship with a positive gradient (Lew and Bosch, 1991), suggesting that the
low protein intake itself decreased renal function. These factors point to
the conclusion that the protein content of the diet is not responsible for
the progressive decline in kidney function with age.

Coronary Artery Disease

It is well documented that high dietary protein in rabbits induces
hypercholesterolemia and arteriosclerosis (Czarnecki and Kritchevsky,
1993). However, this effect has not been consistently shown in either swine
(Luhman and Beitz, 1993; Pfeuffer et al., 1988) or humans. In humans,
analysis of data from the Nurses’ Health Study showed an inverse relation-
ship between protein intake and risk of cardiovascular disease (Hu et al.,
1999). The association was weak but suggests that high protein intake does
not increase the risk of cardiovascular disease. Similar conclusions have
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been reached in observational studies showing an inverse relationship
between protein intake and blood pressure (Obarzanek et al., 1996) and
that replacement of carbohydrate with protein resulted in lower very low
density cholesterol, low density cholesterol, and triglycerides (Wolfe and
Piché, 1999).

Obesity

A number of short-term studies indicate that protein intake exerts a
more powerful effect on satiety than either carbohydrate or fat (Hill and
Blundell, 1990; Rolls et al., 1988; Stubbs et al., 1996). However, some epi-
demiological studies have shown a positive correlation between protein
intake and body fatness, body mass index, and subscapular skinfold
(Buemann et al., 1995; Rolland-Cachera et al., 1995). In contrast, a
6-month randomized trial demonstrated that the replacement of some
dietary carbohydrate by protein improved weight loss as part of a reduced
fat diet (Skov et al., 1999).

Cancer

The fact that the growth of tumor cells in culture is often increased by
high amino acid concentrations (Breillout et al., 1990; Collins et al., 1998)
raises concern that high dietary protein intake might enhance the inci-
dence or the progression of cancer. Reviews of the literature on colon
cancer have concluded that high meat intake may be associated with
increased risk, but that high total protein intake is not (Clinton, 1993;
Giovannucci and Willett, 1994; Parnaud and Corpet, 1997). A lack of cor-
relation with total protein intake has been found in a case-control study
(Slattery et al., 1997), but other studies have reported both increased
(Slattery et al., 1994) and decreased (Kato et al., 1997) risk.

For breast cancer, the geographical distribution of incidence is corre-
lated with the availability of dietary protein, especially animal protein
(Clinton, 1993). Furthermore, migration to an area with typically higher
protein intakes is associated with increased risk of breast cancer (Buell,
1973; Buell and Dunn, 1965). In accord with this, several studies have
indicated an association among breast cancer and the intakes of animal
protein and fat (Hislop et al., 1986; Lubin et al., 1981, 1986). However,
others showed a relationship with fat, but not protein intake (Miller et al.,
1978; Phillips, 1975). More recently, a case-control study on 2,569 patients
and 2,588 controls showed a slightly negative relationship between total
protein and breast cancer (Decarli et al., 1997). Another case-control study
on 180 breast-cancer patients and 829 controls also showed no relation-
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ship with total protein intake, but there was an increased risk ratio for
meat consumption (Toniolo et al., 1994).

For other types of tumors, there also is no clear indication of greater
risk with higher protein intakes. Total protein intake was not associated
with increased risk of lung cancer (Lei et al., 1996), prostate cancer
(Schuurman et al., 1999), endometrial cancer (Barbone et al., 1993; Shu
et al., 1993), oral and pharynx cancer (Franceschi et al., 1999), esophogeal
cancer (Gao et al., 1994), and non-Hodgkin’s lymphoma (Chiu et al., 1996;
Ward et al., 1994), although some studies detected a positive relationship
with animal protein (Chiu et al., 1996; Shu et al., 1993) or cured meat
consumption (Schuurman et al., 1999). Moreover, in some of these studies,
there was an inverse relationship with total protein intake (Barbone et al.,
1993; Franceschi et al., 1999; Gao et al., 1994). On the other hand, higher
protein intake was associated with an increased risk of cancer of the upper
digestive tract (De Stefani et al., 1999) and kidney (Chow et al., 1994).

Overall, despite the demonstration of a positive influence of dietary
fat and total energy, as well as meat (especially red meat), on some types of
tumors, no clear role for total protein has yet emerged. The current state
of the literature, therefore, does not permit any recommendation of an
upper limit to be made on the basis of cancer risk.

Acceptable Macronutrient Distribution Range

There is no evidence to suggest that the Acceptable Macronutrient
Distribution Range (AMDR) for protein should be at levels below the Rec-
ommended Dietary Allowance (RDA) for protein (about 10 percent of
energy) for adults. There was insufficient evidence to suggest a UL for
protein (see Chapter 10) and insufficient data to suggest an upper limit
for an AMDR for protein. To complement the AMDRs for fat (20 to 35 per-
cent energy) and carbohydrate (45 to 65 percent energy) for adults, pro-
tein intakes may range from 10 to 35 percent of energy intake to ensure a
nutritionally adequate diet. For young and older children, the RDA is
approximately 5 and 10 percent of energy, respectively. To complement
the AMDR for fat (30 to 40 percent of energy) and carbohydrate (45 to
65 percent of energy) for young children and for older children (25 to
35 percent of energy from fat and 45 to 65 percent of energy from carbo-
hydrate), protein intakes may range from 5 to 20 percent for young chil-
dren and 10 to 30 percent for older children.
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12
Physical Activity

SUMMARY

Physical activity promotes health and vigor. Cross-sectional data
from a doubly labeled water database were used to define a rec-
ommended level of physical activity, based on the physical activity
level (PAL) associated with a normal body mass index (BMI) range
of 18.5 to 25 kg/m2. In addition to the activities identified with a
sedentary lifestyle, an average of 60 minutes of daily moderate
intensity physical activity (e.g., walking/jogging at 3 to 4 miles/hour)
or shorter periods of more vigorous exertion (e.g., jogging for
30 minutes at 5.5 miles/hour) was associated with a normal BMI
and therefore is recommended for normal-weight individuals. This
amount of physical activity leads to an “active” lifestyle, corre-
sponding to a PAL greater than 1.6 (see Chapter 5). Because the
Dietary Reference Intakes are provided for the general healthy
population, recommended levels of physical activity for weight loss
of obese individuals are not provided.

For children, the physical activity recommendation is also an aver-
age of 60 minutes of moderate intensity daily activity. Increasing
the energy expenditure of physical activity (EEPA) needs to be
considered in determining the energy intake to achieve energy
balance in weight stable adults, and adequate growth and develop-
ment in children (Chapter 5). Body weight serves as the ultimate
indicator of adequate energy intake. Increasing EEPA, or main-
taining an active lifestyle provides an important means for individuals
to balance food energy intake with total energy expenditure.
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BACKGROUND INFORMATION

A distinction is made between physical activity1 and exercise;2 the latter
is considered more vigorous and leads to improvements in physical fitness.3

In qualitative terms, exercise can be defined as activity sufficiently vigorous
to raise breathing to a level where conversation is labored and sweating is
noticeable on temperate days. As indicated in Table 5-10, cross-sectional
data indicated that the average physical activity level (PAL) among adults
participating in the doubly labeled water (DLW) studies included in the
DLW Database (Appendix I) was about 1.7, reflecting physical activity
habits equivalent to walking 5 to 7 miles/day at 3 to 4 mph, in addition to
the activities required by a sedentary lifestyle. Also regular physical activity
may improve mood by reducing depression and anxiety, thereby enhanc-
ing the quality of life. The beneficial outcomes of regular physical activity
and exercise appear to pertain to persons of all ages, and both women and
men of diverse ethnic groups.

Throughout history, balancing dietary energy intake and total energy
expenditure (TEE) has been accomplished unconsciously by most individuals
because of the large component of occupation-related energy expendi-
ture. Today, despite common knowledge that regular physical activity is
healthful, more than 60 percent of Americans are not regularly physically
active, and 25 percent are not active at all (HHS, 1996). It seems reason-
able to anticipate continuation of the current trend for reductions in
occupational physical activity and other energy expending activities of daily
life. If this is to be offset by deliberately increasing voluntary physical
activity, it needs to be kept in mind that in previously sedentary individuals
adding periods of mild to moderate intensity exercise can unconsciously
be compensated for by reducing other activities during the remainder of
the day, so that TEE may be less affected than expected (Epstein and
Wing, 1980; van Dale et al., 1989). Hence, to increase physical activity and
to thereby facilitate weight control, recreational activities and physical
training programs need to add, and not substitute for, other physical activ-
ities of daily life.

The trend for decreased activity by adults is similar to trends seen in
children who are less active in and out of school (HHS, 1996). As both
lack of physical activity and obesity are now recognized as risk factors for

1Physical activity—Bodily movement that is produced by the contraction of muscle
and that substantially increases energy expenditure (HHS, 1996).

2Exercise (exercise training)—Planned structured and repetitive bodily move-
ment done to promote or maintain one or more components of physical fitness.

3Physical fitness—A set of attributes that people have that relates to the ability to
perform physical activity.
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several chronic diseases, logic requires that activity recommendations
accompany dietary recommendations.

History of Physical Activity Recommendations

United States

In 1953, Kraus and Hirschland (1953) alerted health and fitness pro-
fessionals, the general public, and President Dwight D. Eisenhower to the
relatively poor physical condition of American youth. Their paper and
other events led to the formation of the President’s Council on Youth
Fitness (HHS, 1996). Under President John F. Kennedy, the council was
renamed the President’s Council on Physical Fitness, and in 1965 it estab-
lished five levels of physical fitness for adult men and women. Subsequently,
the word “sports” was added to the title of the organization, making it the
President’s Council on Physical Fitness and Sports (HHS, 1996).

Recognizing relationships among blood lipids, diet, and physical activity,
the American Heart Association (AHA) issued in 1972 the first of its hand-
books and statements on the use of endurance exercise training and exercise
testing for the diagnosis and prevention of heart disease (AHA, 1972). In
1978, the American College of Sports Medicine (ACSM) issued its position
statement on cardio-respiratory fitness and body composition titled “The
Recommended Quantity and Quality of Exercise for Developing and Main-
taining Fitness in Healthy Adults” (ACSM, 1978). Subsequently, ACSM
issued a series of guidelines for exercise testing and prescription (ACSM,
1980).

In 1979, agencies of the federal government became involved when
the United States Department of Heath, Education, and Welfare (DHEW)
issued Healthy People: The Surgeon General’s Report on Health Promotion and
Disease Prevention, which recommended endurance exercise training (DHEW,
1979). In 1988, the U.S. Department of Heath and Human Services (HHS)
issued The Surgeon General’s Report on Nutrition and Health, which promoted
endurance exercise as a means of weight control (HHS, 1988). Activities
such as walking, jogging, and bicycling three times a week for 20 minutes
were recommended.

That report was followed in 1990 by the U.S. Department of Agriculture
(USDA)/Department of Health and Human Services Dietary Guidelines for
Americans, which evaluated the role of activity in energy balance but did
not offer specific exercise recommendations (USDA/HHS, 1990). In 1995,
HHS issued the report Healthy People 2000, which listed health objectives
for the nation, including an objective     for physical activity and fitness (HHS,
1995). That same year, USDA and HHS updated Dietary Guidelines for Amer-
icans and recommended 30 minutes or more of moderate-intensity
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physical activity preferably on all days of the week (USDA/HHS, 1995).
In 1996 the HHS report Physical Activity and Health: A Report of the Surgeon
General was published and offered specific recommendations for physical
activity: a minimum of 30 minutes of moderate intensity on most, if not all,
days of the week.

The 2000 Dietary Guidelines for Americans recommends that adults accu-
mulate at least 30 minutes and children 60 minutes of moderate physical
activity most days of the week, preferably daily (USDA/HHS, 2000). In
addition, that report recommended combining sensible eating with regular
physical activity and acknowledged that physical activity and nutrition work
together for better health. Physical activity and fitness objectives of Healthy
People 2010 seek to increase the proportion of Americans that engage in
daily physical activity to improve health, fitness, and quality of life (HHS,
2000).

Canada

In Canada, similar recommendations have been proposed. An early
initiative was the Toronto International Conference on Physical Activity
and Cardiovascular Health in 1966. Toronto was also the site of the 1988
International Consensus Conference on Exercise, Fitness and Health. In
1992, coinciding with Canada’s 125th birthday, the Second International
Conference on Physical Activity, Fitness, and Health was held. That meet-
ing resulted in publication of the report, Physical Activity, Fitness, and Health
(Bouchard et al., 1994).

Most recently, in cooperation with Health Canada and the Canadian
Society of Exercise Physiology, Canada’s Physical Activity Guide to Healthy
Active Living has been published (Health Canada, 1998). This guide describes
the benefits of regular physical activity and makes specific recommenda-
tions to improve fitness and achieve particular health-related outcomes
such as decreasing the risk of premature death from chronic diseases
(heart disease, obesity, high blood pressure, type II diabetes, osteoporosis,
stroke, colon cancer, and depression). The recommendations include
60 minutes of “light effort” exercises (e.g., light walking, easy gardening),
30 to 60 minutes of “moderate effort” exercises (e.g., brisk walking, biking,
swimming, water aerobics, leaf raking), or 20 to 30 minutes of “vigorous
effort” exercises (e.g., aerobics, jogging, hockey, fast swimming, fast dancing,
basketball). For moderate and vigorous activities, the Canadian recom-
mendations are for 4 or more days per week and also include participation
in flexibility activities (4–7 days per week) and strength activities (4–7 days
per week).
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PHYSICAL ACTIVITY LEVEL AND ENERGY BALANCE

Aside from dietary energy intake, energy expenditure of physical activity
(EEPA) is the variable that a person can control, in contrast to age, height,
and gender (Chapter 5). Energy expenditure can rise many times over
resting rates during exercise, and the effects of an exercise bout on energy
expenditure persist for hours, if not a day or longer (Benedict and Cathcart,
1913;     Van Zant, 1992). Thus, changing activity level can have major impacts
on total energy expenditure (TEE) and on energy balance. Further, exer-
cise does not automatically increase appetite and energy intake in direct
proportion to activity-related changes in energy expenditure (Blundell and
King, 1998; Hubert et al., 1998; King et al., 1997). In humans and other
mammals, energy intake is closely related to physical activity level when
body mass is in the ideal range, but too little or too much exercise may
disrupt hypothalamic and other mechanisms that regulate body mass
(Mayer et al., 1954, 1956).

Impact of Physical Activity on Energy Expenditure and on PAL

Metabolic Equivalents (METs)

The impact of various physical activities is often described and com-
pared in terms of METs (i.e., multiples of an individual’s resting oxygen
uptake), and one MET is defined as a rate of oxygen (O2) consumption of
3.5 ml/kg/min in adults. Taking the oxygen energy equivalent of 5 kcal/L
consumed, this corresponds to 0.0175 kcal/minute/kg (3.5 mL/min/kg ×
0.005 kcal/mL). A rate of energy expenditure of 1.0 MET thus corresponds
to 1.2 kcal/min in a man weighing 70 kg (0.0175 kcal/kg/minute × 70 kg)
and to 1.0 kcal/minute in a woman weighing 57 kg (0.0175 kcal/kg/min ×
57 kg) based on the reference body weights for adults in Table 1-1.

Knowing the intensity of a type of physical activity in terms of METs
(see Table 12-1 for the METs for various activities) allows a simple assess-
ment of its impact on the energy expended while the activity is performed
(number of METs × minutes × 0.0175 kcal/kg/minute). However, as men-
tioned in Chapter 5, the increase in daily energy expenditure is somewhat
greater because exercise induces an additional small increase in expendi-
ture for some time after the exertion itself has been completed. This
“excess post-exercise oxygen consumption” (EPOC) (Gaesser and Brooks,
1984) depends on exercise intensity and duration as well as other factors,
such as the types and durations of activities in normal living; EPOC has
been estimated at about 15 percent of the increment in expenditure that
occurs during the exertion itself (Bahr et al., 1987). The thermic effect of
food (TEF), which needs to be consumed to cover the expenditure associated
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TABLE 12-1 Intensity and Impact of Various Activities on
Physical Activity Level (PAL) in Adultsa

Metabolic
Equivalents

Activity (METs)b ∆PAL/10 minc ∆PAL/hc

Leisure
Mild

Billiards 2.4 0.013 0.08
Canoeing (leisurely) 2.5 0.014 0.09
Dancing (ballroom) 2.9 0.018 0.11
Golf (with cart) 2.5 0.014 0.09
Horseback riding (walking) 2.3 0.012 0.07
Playing

Accordion 1.8 0.008 0.05
Cello 2.3 0.012 0.07
Flute 2.0 0.010 0.06
Piano 2.3 0.012 0.07
Violin 2.5 0.014 0.09

Volleyball (noncompetitive) 2.9 0.018 0.11
Walking (2 mph) 2.5 0.014 0.09

Moderate
Calisthenics (no weight) 4.0 0.029 0.17
Cycling (leisurely) 3.5 0.024 0.14
Golf (without cart) 4.4 0.032 0.19
Swimming (slow) 4.5 0.033 0.20
Walking (3 mph) 3.3 0.022 0.13
Walking (4 mph) 4.5 0.033 0.20

Vigorous
Chopping wood 4.9 0.037 0.22
Climbing hills (no load) 6.9 0.056 0.34
Climbing hills (5-kg load) 7.4 0.061 0.37
Cycling (moderately) 5.7 0.045 0.27
Dancing

Aerobic or ballet 6.0 0.048 0.29
Ballroom (fast) or square 5.5 0.043 0.26

Jogging (10-min miles) 10.2 0.088 0.53
Rope skipping 12.0 0.105 0.63
Skating

Ice 5.5 0.043 0.26
Roller 6.5 0.052 0.31

Skiing (water or downhill) 6.8 0.055 0.33
Squash 12.1 0.106 0.63
Surfing 6.0 0.048 0.29
Swimming 7.0 0.057 0.34
Tennis (doubles) 5.0 0.038 0.23
Walking (5 mph) 8.0 0.067 0.40

continued
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with a given activity, must also be taken into account. The TEF dissipates
about 10 percent of the food energy consumed. The impact of a given
activity on daily energy expenditure under conditions of energy balance
thus includes the intensity of the physical activity in terms of METS, the
EPOC, and the TEF and expressed as:

# of METs × min × 0.022 kcal/kg/min × kg body weight,

where 0.022 kcal/kg/min = 0.0175 kcal/kg/min × 1.15 percent (EPOC) ÷
0.9 percent (TEF).

Bijnen and coworkers (1998) found that activities with METs greater
than 4 are more effective than less intensive activities in reducing cardio-

TABLE 12-1 Continued

Metabolic
Equivalents

Activity (METs)b ∆PAL/10 minc ∆PAL/hc

Activities of daily living
Gardening (no lifting) 4.4 0.032 0.19
Household tasks, 3.5 0.024 0.14

moderate effort
Lifting items continuously 4.0 0.029 0.17
Light activity while sitting 1.5 0.005 0.03
Loading/unloading car 3.0 0.019 0.11
Lying quietly 1.0 0.000 0.00
Mopping 3.5 0.024 0.14
Mowing lawn (power mower) 4.5 0.033 0.20
Raking lawn 4.0 0.029 0.17
Riding in a vehicle 1.0 0.000 0.00
Sitting 0.0 0.000 0.00
Taking out trash 3.0 0.019 0.11
Vacuuming 3.5 0.024 0.14
Walking the dog 3.0 0.019 0.11
Walking from house to 2.5 0.014 0.09

car or bus
Watering plants 2.5 0.014 0.09

a PAL is the physical activity level that is the ratio of the total energy expenditure to the
basal energy expenditure.
b METs are multiples of an individual’s resting oxygen uptakes, defined as the rate of
oxygen (O2) consumption of 3.5 mL of O2/min/kg body weight in adults.
c In the PAL shown here, an allowance has been made to include the delayed effect of
physical activity in causing excess postexercise O2 consumption and the dissipation of
some of the food energy consumed through the thermic effect of food.
SOURCE: Adapted from Fletcher et al. (2001).
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vascular mortality. A rate of energy expenditure of 4.5 METs corresponds
to the upper boundary for moderate activities (Table 12-1) and elicits an
exertion that falls into the upper range of the percent of Vo2max consid-
ered to reflect light physical activity intensity for 20- to 39-year-old adults,
but falls into the lower range of moderate intensities in 40- to 64-year-old
adults (Fletcher et al., 2001). A rate of exertion of 4.5 METs is reached, for
example, by walking at a speed of 4 mph (Table 12-1).

Physical Activity Level (PAL)

While METs describe activity intensities relative to a resting metabolic
rate (RMR), the physical activity level (PAL) is defined as the ratio of total
energy expenditure (TEE) to basal energy expenditure (BEE). Thus, the
actual impact on PAL depends to some extent on body size and age, as
these are determinants of the BEE (Figure 12-1). The impact of these
factors can be judged by examining the ratio of MET (extrapolated to
24 hours) to BEE. It is noteworthy that the errors that this introduces in
the calculation of PAL values, at least over the normal range of body
weights, is of minor importance in comparison to the very large uncertain-
ties generally inherent in the assessment of the duration and intensity of
physical activities in individuals and populations.

For a typical 30-year-old reference man and woman 1.77 m and 1.63 m
in height and weighing 70 kg and 57 kg (Chapter 1, Table 1-1), BEEs are
1,684 and 1,312 kcal/day, respectively (calculated from the predictive BEE
equations in Chapter 5. These correspond to 0.95 and 0.91 times the 1,764
and 1,436 kcal/day obtained by extrapolating a rate of 1.0 MET4 to 24 hours
for reference men and women (1,764 kcal/day = 1 MET × 1,440 min ×
0.0175 kcal/kg/min × 70 kg and 1,436 kcal/day = 1 MET × 1,440 min ×
0.0175 kcal/kg/min × 57 kg). The following equations, derived for refer-
ence body weights of 70 kg for men and 57 kg for women, were utilized to
determine the change in PAL for each of the activities in Table 12-1.

Men: ∆PAL = (# of METs – 1) × 1.34 × (min/1,440 min),

where 1.34 = 1.15 percent (EPOC) ÷ 0.9 percent (TEF) ÷ 0.95 percent.5

Women: ∆PAL = (# of METs – 1) × 1.42 × (min/1,440 min),

where 1.42 = 1.15 percent (EPOC) ÷ 0.9 percent (TEF) ÷ 0.91.5

4Defined as 0.0175 kcal/kg/min.
5Correction to cover EPOC and TEF.
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FIGURE 12-1 Relationship of basal energy expenditure (BEE), metabolic equiva-
lents rate and body weight in 30-year-old adults. The upper panel shows the impact
of body weight on BEE in men (�) and women (▫) and on a MET-rate of 1.0 (×)
extrapolated to 24 h. Points with body mass indexes (BMIs) from 18.5 up to 25 kg/m2

are filled in. The lower panel shows the ratio of BEE divided by an MET rate of 1.0
for a given body weight for men (�) with reference heights of 1.75 m or reference
height ± 1 standard deviation (i.e., 1.64 or 1.86 m), and for women (▫) with
reference heights of 1.62 m or reference height ± 1 standard deviation (i.e., 1.55
or 1.70 m), and BMI of 18.5, 22.5 (men) or 21.5 (women), 25, 30, and 35 kg/m2.
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The coefficients given in Table 12-1 can then be used to arrive at an
estimate of an individual’s PAL by cumulating the effects of the various
activities performed on the basis of their duration and intensities (see
below, “Physical Activity for Adults”).

Because it is the most significant physical activity in the life of most
individuals, walking/jogging is taken as the reference activity, and the
impact of other activities can be considered in terms of exertions equiva-
lent to walking/jogging, to the extent that these activities are weight bear-
ing and hence involve costs proportional to body weight. The effect of
walking/jogging on energy expenditure at various speeds is given in
Table 12-1 in terms of METs and is also shown in the upper panel of
Figure 12-2. The middle panel describes the energy expended in kcal/hour
for walking or jogging at various speeds by individuals weighing 70 or
57 kg (the reference body weights for men and women, respectively from
Table 1-1. The figure’s lower panel describes the total cost of walking or
jogging one mile at various speeds, including the increments in energy
expenditure above the resting rate during and after walking or jogging
plus a commensurate increase in TEF. The energy expended per mile walked
or jogged is essentially constant at speeds ranging from 2 to 4 miles/hour
(1 kcal/mile/kg for a man [70 kcal/mile/70 kg] to 1.1 kcal/mile/kg for a
woman [65 kcal/mile/57 kg], or approximately 1.1 kcal/mile/kg body
weight; lower panel, Figure 12-2), but increases progressively at higher
speeds.

According to the formulas shown above, walking at a speed of 4 mph
(4.5 METs, upper panel, Figure 12-2) for 60 minutes causes an increase in
the daily ∆PAL of 0.195 ([4.5 METs – 1] × 1.34 × 60 min/1,440 min) in
men and 0.204 ([4.5 METs – 1] × 1.42 × 60 min/1,440 min) in women, or
a ∆PAL of approximately 0.20 as given in Table 12-1. Walking or jogging at
speeds of 4.5 mph raises the metabolic rate to 6 METS (upper panel,
Figure 12-2), increasing the impact on changing the daily PAL by half to
0.30 for sixty minutes (∆PAL in men = [6 METs – 1] × 1.34 × 60 min/
1,440 min = 0.279, ∆PAL in women = [6 METs – 1] × 1.42 × 60 min/
1,440 min = 0.296). Indeed, walking or jogging to cover 4.5 miles in
60 minutes, at a cost of 107 kcal/mile (lower panel, Figure 12-2) or
1.53 kcal/mile/kg (107 kcal/mile ÷ 70 kg) in men, or performing some
equally demanding activity for 60 minutes, will cause an increase in PAL of
approximately 0.30.

Impact of Body Weight on Energy Expenditure

The impact of body weight on energy expenditure while walking at
various speeds is illustrated in Figure 12-3, while Figure 12-4 describes how
body weight affects the total increase in energy expenditure caused by
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The upper panel shows the rate of energy expenditure as a function of walking/
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panel shows the increase in daily energy expenditure induced by walking/jogging
1 m at various speeds for a 70-kg man (●) and a 57-kg woman (�).
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walking one mile at various speeds. Figures 12-5 for men and 12-6 for
women show how body weight influences how far and for how many
minutes adults must walk at speeds of 2, 3, 4, or 5 mph (or to engage in
activities rated as MET = 2.5, 3.3, 4.5, or 8.0) to raise the PAL level by 0.10.
These figures also describe the effect of more demanding physical activity,
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FIGURE 12-3 Impact of body weight on energy expenditure while walking at
speeds of 2, 3, 4, or 5 mph.
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FIGURE 12-4 Impact of body weight on energy cost of walking 1 mile at speeds of
2, 3, 4, or 5 mph in men and women.

such as running at speeds of 6 or 8 mph, corresponding to exertions at
10.2 or 13.5 METs. While the effect on TEE/miles covered does not
increase substantially as fast walking (5 mph) changes to jogging (6 mph)
and running (8 mph) (upper panels of Figures 12-5 and 12-6), the time
required for a given impact on PAL is reduced. This illustrates that high
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FIGURE 12-5 Distance to cover per day for men to raise physical activity level (PAL)
value by 0.10 while walking or running at various speeds (upper panel) and time
required to do so (lower panel). The points shown are for men with reference
heights of 1.75 m or reference heights ± 1 standard deviation (i.e., 1.64 m or 1.86 m)
and body mass index of 18.5, 22.5, 25, 30, or 35 kg/m2. Energy expenditures while
walking or running at speeds of 2, 3, 4, 5, or 8 mph are 2.5, 3.3, 4.5, 8.0, 10.2, and
13.5 metabolic equivalents (METs), respectively (Fletcher et al., 2001). The impact
on ∆PAL was calculated as (MET – 1.0) × minutes × 1.15 ÷ 0.9 (where 1.15 accounts
for excess [~15%] post-exercise oxygen consumption [Bahr et al., 1987] and 0.9
accounts for a 10% dissipation of food energy consumed by the thermic effect of
food) and related to predicted basal energy expenditures for 30-year-old men calcu-
lated from the predictive basal energy expenditure equations in Chapter 5; see
“Estimation of Energy Expenditure in Normal and Overweight/Obese Adults.”
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FIGURE 12-6 Distance to cover per day for women to raise physical activity level (PAL)
value by 0.10 while walking or running at various speeds (upper panel) and time required
to do so (lower panel). The points shown are for women with reference heights of 1.62 m
or reference heights ± 1 standard deviation (i.e., 1.55 m or 1.70 m) and a body mass index
of 18.5, 22.5, 25, 30, or 35 kg/m2. Energy expenditures while walking or running at speeds
of 2, 3, 4, 5, or 8 mph are 2.5, 3.3, 4.5, 8.0, 10.2, and 13.5 metabolic equivalents (METs),
respectively (Fletcher et al., 2001). The impact on ∆PAL was calculated as (MET – 1.0) ×
minutes × 1.15 ÷ 0.9 (where 1.15 accounts for excess [~15%] post-exercise oxygen con-
sumption [Bahr et al., 1987] and 0.9 accounts for a 10 percent dissipation of food energy
consumed by the thermic effect of food) and related to predicted basal energy expendi-
tures for 30-year-old women calculated from the predictive basal energy expenditure
(BEE) equations in Chapter 5; see “Estimation of Energy Expenditure in Normal and
Overweight/Obese Adults.”
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intensity activities must be included to achieve high PAL levels if the time
spent exercising is to remain within a certain range. Cross-sectional data
from a doubly labeled water database indicate that the PALs are similar for
normal weight and obese individuals (Tables 5-10 and 5-11). While this is
true, because energy expenditure increases with increasing body weight,
there is a greater total daily energy expenditure in obese subjects (Table 5-10
and 5-11).

Physical Activity for Adults

The rationale for categorizing the cross-sectional data on adults in the
doubly labeled water (DLW) database by PAL (Appendix Table I-3), as sed-
entary (PAL ≥ 1.0 < 1.4), low active (PAL ≥ 1.4 < 1.6), active (PAL ≥ 1.6 < 1.9),
and very active (PAL ≥ 1.9 < 2.5) categories is provided in Chapter 5.
Ideally, PAL of an individual can be determined from DLW studies; how-
ever, in nonexperimental situations, heart rate monitors, accelerometers,
and other devices as well as activity inventories can be used. As explained
earlier, the PAL coefficients in Tables 12-1 to 12-3 are based on rates of
energy expenditure during physical activity reported in terms of METs,
with an allowance for the EPOC induced by physical activities and the TEF
that needs to be consumed to cover the overall cost of these activities.

Table 12-2 shows how adults can use the information presented in
Table 12-1 to evaluate their PAL based on their daily activities. In the
example shown in Table 12-2, the “sedentary” column illustrates the impact
of an adult’s typical daily living activities on the PAL ratio of TEE:BEE.
This activity-induced increase in PAL of 0.29 is to be added to a base value
of 1.1, which represents the BEE of 1.0 to which 10 percent has been
added to account for the dissipation of energy due to the TEF that needs
to be consumed to cover BEE. This adds up to a sedentary PAL value of
1.39, which corresponds to a sedentary lifestyle (PAL ≥ 1.0 < 1.4). Incorpo-
rating a 30 min/day walk at a speed of 4 mph raises the PAL to 1.49 (“low
active” column), which corresponds to a low active lifestyle (PAL ≥ 1.4 < 1.6).
If in addition to walking 30 min/day at a speed of 4 mph, an adult cycled
moderately for another 25 minutes and played tennis for 40 minutes, the
PAL would increase to 1.75 (the first “active” column), which reflects an
active lifestyle (PAL ≥ 1.6 < 1.9). The second “active” column illustrates a
mix of activities as reflected by the average time spent per day on various
forms of activity and exercise. Finally, the “very active” column describes a
level of activity corresponding to a PAL of 2.06, indicative of a very active
lifestyle (PAL ≥ 1.9 < 2.5).

Because activities vary greatly from day to day, a person’s PAL can be
more accurately evaluated from a meticulous activity log maintained over
a period of a week or more. The example in Table 12-3 describes an adult
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TABLE 12-2 Intensity and Impact of Various Activities on
Physical Activity Level (PAL) Estimations (Daily Example)

∆PAL/
Activity METsa 10 min ∆PAL/h

Leisure
Mild

Billiards 2.4 0.013 0.08
Canoeing (leisurely) 2.5 0.014 0.09
Dancing (ballroom) 2.9 0.018 0.11
Golf (with cart) 2.5 0.014 0.09
Horseback riding (walking) 2.3 0.012 0.07
Playing

Accordion 1.8 0.008 0.05
Cello 2.3 0.012 0.07
Flute 2.0 0.01 0.06
Piano 2.3 0.012 0.07
Violin 2.5 0.014 0.09

Volleyball (noncompetitive) 2.9 0.018 0.11
Walking (2 mph) 2.5 0.014 0.09

Moderate
Calisthenics (no weight) 4.0 0.029 0.17
Cycling (leisurely) 3.5 0.024 0.14
Golf (without cart) 4.4 0.032 0.19
Swimming (slow) 4.5 0.033 0.20
Walking (3 mph) 3.3 0.022 0.13
Walking (4 mph) 4.5 0.033 0.20

Vigorous
Chopping wood 4.9 0.037 0.22
Climbing hills (no load) 6.9 0.056 0.34
Climbing hills (5-kg load) 7.4 0.061 0.37
Cycling (moderately) 5.7 0.045 0.27
Dancing

Aerobic or ballet 6.0 0.048 0.29
Ballroom (fast) or square 5.5 0.043 0.26

Jogging (10-min miles) 10.2 0.088 0.53
Rope skipping 12.0 0.105 0.63
Skating

Ice 5.5 0.043 0.26
Roller 6.5 0.052 0.31

Skiing (water or downhill) 6.8 0.055 0.33
Squash 12.1 0.106 0.63
Surfing 6.0 0.048 0.29
Swimming 7.0 0.057 0.34
Tennis (doubles) 5.0 0.038 0.23
Walking (5 mph) 8.0 0.067 0.40
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Sedentaryb Low Activeb Activeb Active (Mix)b Very Activeb

Avg
Min ∆PAL Min ∆PAL Min ∆PAL Min ∆PAL Min ∆PAL

10 0.014
10 0.012

10 0.012

10 0.029

10 0.032

10 0.022
30 0.099 30 0.099 10 0.033

25 0.113 45 0.203

10 0.088 15 0.132
10 0.105

10 0.057
40 0.152 20 0.076 60 0.228

continued
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whose activities of daily living raises energy expenditure to a sedentary
PAL of 1.39 (PAL ≥ 1.0 < 1.4). If the individual recorded all additional
activities over the week and added all of the ∆PALs for each of the activities
performed as shown in Table 12-3, the adult would have had a mean
increase in PAL of 0.65/day above basal expenditure. Thus, when added
to the PAL of 1.1 (representing a base BEE value of 1.0 + 10 percent for
TEF), this individual would move into the “active” category with a PAL of
1.75 (PAL ≥ 1.6 < 1.9).

A somewhat simplified approach, instead of recording all activities,
would be to evaluate whether the level of daily living activities is compara-
ble to that depicted in Tables 12-2 and 12-3. If they are, then a log of daily
activities may be kept, and their average ∆PAL could be added to the PAL
value (1.39) corresponding to that for a sedentary lifestyle in the example
in Tables 12-2 and 12-3.

TABLE 12-2 Continued

∆PAL/
Activity METsa 10 min ∆PAL/h

Activities of daily living
Gardening (no lifting) 4.4 0.032 0.19
Household tasks, moderate effort 3.5 0.024 0.14
Lifting items continuously 4.0 0.029 0.17
Light activity while sitting 1.5 0.005 0.03
Loading/unloading car 3.0 0.019 0.11
Lying quietly 1.0 0 0
Mopping 3.5 0.024 0.14
Mowing lawn (power mower) 4.5 0.033 0.20
Raking lawn 4.0 0.029 0.17
Riding in a vehicle 1.0 0 0
Taking out trash 3.0 0.019 0.11
Vacuuming 3.5 0.024 0.14
Walking the dog 3.0 0.019 0.11
Walking from house to car or bus 2.5 0.014 0.09
Watering plants 2.5 0.014 0.09

∆PAL/day due to activities of daily living
Sedentary PAL = basal energy expenditure (BEE) + thermic effect

of food (0.1 × BEE) + sedentary activities =
∆PAL due to exercise and leisure activities ∆PAL /day

PAL =

a METs are multiples of an individual’s resting oxygen (O2) uptake, defined as a rate of
O2 consumption of 3.5 mL of O2/min/kg body weight in adults.
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The factorial approach summations of various estimates of activities
and durations applied in Tables 12-2 and 12-3 to evaluate energy turnover
is more convenient than previous procedures inasmuch as it is applicable
without making reference to body weight, as required, though often
ignored, in estimating increments in energy expenditure in terms of their
cost in kcal. Furthermore, the ∆PAL coefficients in Table 12-1 include an
appropriate allowance for EPOC and TEF, whose effects are commonly
disregarded when evaluating energy turnover. However, it must be remem-
bered that the reliability of evaluations of overall energy expenditure and
∆PALs depends greatly on the accuracy of the activity estimates or activity
logs and on whether they were obtained during a period representative of
the habitual lifestyle. Because intentional and spontaneous activities are
interrelated, assessing ∆PALs of individuals and populations can be more
difficult. From the standpoint of energetics, any activity raises metabolic

b PAL levels are Sedentary: PAL ≥ 1.0 < 1.4; Low Active: PAL ≥ 1.4 < 1.6; Active: PAL ≥
1.6 < 1.9; Active (Mix): PAL ≥ 1.6 < 1.9; Very Active: PAL ≥ 1.9 < 2.5.

Sedentaryb Low Activeb Activeb Active (Mix)b Very Activeb

Avg
Min ∆PAL Min ∆PAL Min ∆PAL Min ∆PAL Min ∆PAL

25 0.060 25 0.060 25 0.060 25 0.060 25 0.060

120 0.060 120 0.060 120 0.060 120 0.060 120 0.060
5 0.010 5 0.010 5 0.010 5 0.010 5 0.010

10 0.024 10 0.024 10 0.024 10 0.024 10 0.024

10 0.029 10 0.029 10 0.029 10 0.029 10 0.029

5 0.010 5 0.010 5 0.010 5 0.010 5 0.010
10 0.024 10 0.024 10 0.024 10 0.024 10 0.024
15 0.029 15 0.029 15 0.029 15 0.029 15 0.029
20 0.028 20 0.028 20 0.028 20 0.028 20 0.028
12 0.017 12 0.017 12 0.017 12 0.017 12 0.017

0.29 0.29 0.29 0.29 0.29

1.39 1.39 1.39 1.39 1.39
0.10 0.36 0.38 0.67

1.39 1.49 1.75 1.77 2.06
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TABLE 12-3 Weekly Activities and Their Impact on Physical
Activity Level (PAL) in an Active Individual (Weekly Activity Log)

∆PAL/
Activity METsa 10 min ∆PAL/h

Leisure
Mild

Billiards 2.4 0.013 0.08
Canoeing (leisurely) 2.5 0.014 0.09
Dancing (ballroom) 2.9 0.018 0.11
Golf (with cart) 2.5 0.014 0.09
Horseback riding (walking) 2.3 0.012 0.07
Playing

Accordion 1.8 0.008 0.05
Cello 2.3 0.012 0.07
Flute 2.0 0.010 0.06
Piano 2.3 0.012 0.07
Violin 2.5 0.014 0.09

Volleyball (noncompetitive) 2.9 0.018 0.11
Walking (2 mph) 2.5 0.014 0.09

Moderate
Calisthenics (no weight) 4.0 0.029 0.17
Cycling (leisurely) 3.5 0.024 0.14
Golf (without cart) 4.4 0.032 0.19
Swimming (slow) 4.5 0.033 0.2
Walking (3 mph) 3.3 0.022 0.13
Walking (4 mph) 4.5 0.033 0.2

Vigorous
Chopping wood 4.9 0.037 0.22
Climbing hills (no load) 6.9 0.056 0.34
Climbing hills (5-kg load) 7.4 0.061 0.37
Cycling (moderately) 5.7 0.045 0.27
Dancing

Aerobic or ballet 6.0 0.048 0.29
Ballroom (fast) or square 5.5 0.043 0.26

Jogging (10-min miles) 10.2 0.088 0.53
Rope skipping 12.0 0.105 0.63
Skating

Ice 5.5 0.043 0.26
Roller 6.5 0.052 0.31

Skiing (water or downhill) 6.8 0.055 0.33
Squash 12.1 0.106 0.63
Surfing 6.0 0.048 0.29
Swimming 7.0 0.057 0.34
Tennis (doubles) 5.0 0.038 0.23
Walking (5 mph) 8.0 0.670 0.40
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Weekly Activity Log

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Total
(min) (min) (min) (min) (min) (min) (min) Minutes ∆PAL

20 20 0.036

30 60 90 0.105

15 10 25 0.030

50 50 0.092

80 80 0.253

60 60 0.130
50 50 0.167

100 100 0.617
40 40 0.180

20 10 30 0.265

30 30 0.170
60 60 120 0.460

continued
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rate over basal and thus helps in raising energy expenditure. Some activi-
ties, such as fidgeting, are spontaneous and can have variable effects on
TEE (see Chapter 5 “Spontaneous Non-Exercise Activity”). In room calo-
rimeters, the metabolic costs of unintentional, nondirected activities can
be quantified (Ravussin et al., 1986).

Physical Activity for Children

Measurements of the energy expended in various activities are much
more limited in children than adults. Torun (1990) compiled the energy
expenditure of several common activities in children from 28 studies and
expressed the data as multiples of basal metabolic rate (BMR). The activities

TABLE 12-3 Continued

∆PAL/
Activity METsa 10 min ∆PAL/h

Activities of daily living
Gardening (no lifting) 4.4 0.032 0.19
Household tasks, moderate effort 3.5 0.024 0.14
Lifting items continuously 4.0 0.029 0.17
Light activity while sitting 1.5 0.005 0.03
Loading/unloading car 3.0 0.019 0.11
Lying quietly 1.0 0 0
Mopping 3.5 0.024 0.14
Mowing lawn (power mower) 4.5 0.033 0.2
Raking lawn 4.0 0.029 0.17
Riding in a vehicle 1.0 0 0
Taking out trash 3.0 0.019 0.11
Vacuuming 3.5 0.024 0.14
Walking the dog 3.0 0.019 0.11
Walking from house to car or bus 2.5 0.014 0.09
Watering plants 2.5 0.014 0.09

Min spent on daily living activities
Min spent on daily leisure activities and exercise

a METs are multiples of an individual’s resting oxygen (O2) uptake, defined as a rate of
O2 consumption of 3.5 mL of O2/min/kg body weight in adults.
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were classified into 10 categories as shown in Tables 12-4 (Boys) and 12-5
(Girls). When the data are expressed as multiples of BMR, the values are
similar for boys and girls. There are no age-related differences for seden-
tary activities (lying awake, sitting), but the values for walking and moving
around increases from early childhood to adolescence. Kimm and colleagues
(2002) reported a decline in physical activity in girls during adolescence.
The impact of performing various activities for 10 and 60 minutes on PAL
also are shown for children in Tables 12-4 and 12-5. The use of MET values
for various activities measured in adults leads to errors that increase with
decreasing age in children.

To classify children into PAL categories, judgment must be made on
their PAL. In Tables 12-6 and 12-7, the differences in energy expenditure

Weekly Activity Log

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Total
(min) (min) (min) (min) (min) (min) (min) Minutes ∆PAL

10 30 20 40 10 20 20 150 0.350

160 160 180 160 160 90 90 1,000 0.500
10 10 20 40 0.073

20 10 10 40 0.093
50 50 0.165

20 20 40 0.113

20 20 0.038
30 30 60 0.140

30 45 30 105 0.193
30 30 30 30 30 20 20 190 0.285

30 20 50 0.075

250 270 230 310 295 180 210 1,745 2.025
75 90 100 40 80 150 160 695 2.505

∆PAL/week = 2.025 + 2.505 = 4.530
mean ∆PAL/day = 4.53/7 = 0.65
mean PAL = 1.1 + mean ∆PAL/day = 1.75
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TABLE 12-4 Various Activities: Intensity and Impacts on
Physical Activity Level (PAL) in Children (Boys)

Energy expenditure of categories of
Energy Expenditure activity at different ages expressed as
(kcal/kg/min) multiples of BMR (Torun, 1990)

Age (y) 1.5–6 7–12 13–14 15–16 17–19 1.5–6 7–12 13–14 15–16 17–19
Activity

Lying awake 0.046 0.035 0.026 0.024 0.020 1.1 1.1 1.0 1.1 1.1
Sitting quietly 0.047 0.037 0.028 0.028 0.026 1.2 1.2 1.1 1.2 1.4
Standing quietly 0.029 0.033 0.027 1.3 1.5 1.5
Standing, moderate 0.069 0.052 0.052 2.2 2.1 2.4

movement
Walking, free velocity, 0.078 0.078 0.066 0.066 0.053 2.1 2.9 2.8 3.3 3.1

level ground
Walking, fast, uphill 0.098 0.110 0.103 0.094 2.6 3.4 3.8 4.4

or with load
At school or light 0.055– 0.030 1.9– 1.7

work 0.084 3.0
Light and moderate

housework
Leisure and moderate 0.073– 0.061– 0.056– 0.054 1.9– 2.3– 2.5– 2.5

play 0.094 0.126 0.075 2.5 4.7 3.3
Running, exercise 0.068– 0.067 0.072– 3.1– 3.6 3.9–

sports 0.132 0.099 5.6 5.4

TABLE 12-5 Various Activities: Intensity and Impacts on
Physical Activity Level (PAL) in Children (Girls)

Energy expenditure of categories of
Energy Expenditure activity at different ages expressed as
(kcal/kg/min) multiples of BMR (Torun, 1990)

Age (y) 1.5–6 7–12 13–14 15–16 17–19 1.5–6 7–12 13–14 15–16 17–19
Activity

Lying awake 0.046 0.018 0.018 1.1 1.1 1.1
Sitting quietly 0.047 0.032 0.027 0.021 0.021 1.2 1.2 1.4 1.2 1.2
Standing quietly 0.028 0.024 0.024 1.4 1.4 1.4
Standing, moderate

movement
Walking, free velocity, 0.078 0.068 0.059 0.057 0.057 2.1 2.7 3.2 3.4 3.4

level ground
Walking, fast, uphill 0.098 2.6

or with load
At school or light 0.026– 0.026– 1.6– 1.6–

work 0.031 0.031 1.8 1.8
Light and moderate 0.046– 0.046– 2.9– 2.9–

housework 0.058 0.058 3.6 3.6
Leisure and moderate 0.073– 0.032– 0.032– 1.9– 1.9– 1.9–

play 0.094 0.050 0.050 2.5 3.1 3.1
Running, exercise 0.067– 0.067– 3.9– 3.9–

sports 0.100 0.100 5.9 5.9
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∆PAL/10 min ∆PAL/60 min

1.5–6 7–12 13–14 15–16 17–19 1.5–6 7–12 13–14 15–16 17–19

0.0009 0.0009 0.0000 0.0009 0.0009 0.0053 0.0053 0.0000 0.0053 0.0053
0.0018 0.0018 0.0009 0.0018 0.0036 0.0107 0.0107 0.0053 0.0107 0.0213

0.0027 0.0044 0.0044 0.0160 0.0266 0.0266
0.0107 0.0098 0.0124 0.0639 0.0586 0.0746

0.0098 0.0169 0.0160 0.0204 0.0186 0.0586 0.1012 0.0959 0.1225 0.1118

0.0142 0.0213 0.0249 0.0302 0.0852 0.1278 0.1491 0.1811

0.008– 0.0062 0.048– 0.0373
0.018 0.108

0.008– 0.012– 0.013– 0.0133 0.048– 0.072– 0.078– 0.0799
0.013 0.033 0.020 0.078 0.198 0.120

0.019– 0.0231 0.026– 0.114– 0.1385
0.041 0.039 0.246

∆PAL/10 min ∆PAL/60 min

1.5–6 7–12 13–14 15–16 17–19 1.5–6 7–12 13–14 15–16 17–19

0.0009 0.0009 0.0009 0.0053 0.0053 0.0053
0.0018 0.0018 0.0036 0.0018 0.0018 0.0107 0.0107 0.0213 0.0107 0.0107

0.0036 0.0036 0.0036 0.0213 0.0213 0.0213

0.0098 0.0151 0.0195 0.0213 0.0213 0.0586 0.0905 0.1172 0.1278 0.1278

0.0142 0.0852

0.005– 0.005– 0.030– 0.030–
0.007 0.007 0.042 0.042
0.017– 0.017– 0.102– 0.102–
0.023 0.023 0.138 0.138

0.008– 0.008– 0.008– 0.048– 0.048– 0.048–
0.013 0.019 0.019 0.078 0.114 0.114

0.026– 0.026– 0.156- 0.156-
0.043 0.043 0.258 0.258
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above the sedentary level for the low active, active, and very active PAL
categories have been expressed in terms of minutes walking at 2.5 mph.
Because the BEE and walking energy expenditure (kcal/kg/min) decrease
with age differentially, the MET equivalent for walking is not constant and
actually increases with age (see Tables 12-6 and 12-7). Thus, the energy
cost of walking 2.5 mph decreases from 0.92–0.75 to 0.04–0.05 kcal/kg/min
from early childhood to adolescence, and the corresponding MET values
increase from ~2.0 to ~3.0.

Examining the number of minutes of walking that would be required
to go from the sedentary to the low active (~120 minutes), active (~230
minutes), and very active (~400 minutes) categories, it is clear that chil-
dren in the active and very active categories are most likely participating in
moderate and vigorous activities, in addition to walking at 2.5 mph. With

TABLE 12-6 Total Energy Expenditure (TEE) in Boys and
Walking Times at Speeds of 2.5 mph to Move to the Next
Higher Physical Activity Level (PAL)

TEE (kcal/d) PAL
BEE BEE
METs METs Low Very Low

Age Weight Height BEE (kcal/kg/ (kcal/ Sedentary Active Active Active Active
(y) (kg)a (m)a (kcal/d)b min)c kg/hr) PALd PALd PALd PALd PALe

3 14.3 0.95 889 0.043 2.59 1,142 1,304 1,465 1,663 1.47
4 16.2 1.02 935 0.040 2.40 1,195 1,370 1,546 1,763 1.47
5 18.4 1.09 985 0.037 2.23 1,255 1,446 1,638 1,874 1.47
6 20.7 1.15 1,030 0.035 2.07 1,308 1,515 1,722 1,977 1.47
7 23.1 1.22 1,084 0.033 1.95 1,373 1,597 1,820 2,095 1.47
8 25.6 1.28 1,132 0.031 1.84 1,433 1,672 1,911 2,205 1.48
9 28.6 1.34 1,187 0.029 1.73 1,505 1,762 2,018 2,334 1.48

10 31.9 1.39 1,240 0.027 1.62 1,576 1,850 2,124 2,461 1.49
11 35.9 1.44 1,303 0.025 1.51 1,666 1,960 2,254 2,615 1.50
12 40.5 1.49 1,376 0.024 1.42 1,773 2,088 2,403 2,792 1.52
13 45.6 1.56 1,471 0.022 1.34 1,910 2,251 2,593 3,013 1.53
14 51.0 1.64 1,578 0.021 1.29 2,065 2,434 2,804 3,258 1.54
15 56.3 1.70 1,669 0.021 1.23 2,198 2,593 2,988 3,474 1.55
16 60.9 1.74 1,734 0.020 1.19 2,295 2,711 3,127 3,638 1.56
17 64.6 1.75 1,764 0.019 1.14 2,341 2,771 3,201 3,729 1.57
18 67.2 1.76 1,777 0.018 1.10 2,358 2,798 3,238 3,779 1.57

a From Chapter 5, Table 5-8.
b BEE = Basal Energy Expenditure, calculated from equations in Chapter 5; see “TEE
Equations for Normal-Weight Children.”
c MET = Metabolic Equivalents as calculated from BEE/weight (kg)/1,440 minutes
(1 day).
d From Chapter 5, Table 5-20.
e PAL = Physical Activity Level = TEE/BEE.
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information on the number of minutes children spend in moderate and
vigorous play and work, the appropriate PAL category can be assigned.

Physical Activity for Pregnant Women

For women who have been previously physically active, continuation
of physical activities during pregnancy and postpartum can be advanta-
geous (Mottola and Wolfe, 2000). Unfortunately, too much or improper
activity can be injurious to the woman and fetus. Regular exercise during
pregnancy counteracts the effects of deconditioning that lead to fatigue,
loss of muscle tone, poor posture, joint laxity, back pain, and muscle
cramping (Brooks et al., 2000). Likewise, physical fitness improves glucose
tolerance and insulin action, improves emotional well-being and helps

Difference in energy
expenditure from Energy
sedentary level (kcal/d) cost of Walking equivalent (min)h

walking
Very Low Very 2.5 mph METs of Low Very

Active Active Active– Active– Active– (kcal/kg/ walking Active– Active– Active–
PALe PALe Sedentary Sedentary Sedentary 2.5 min)f mphg Sedentary Sedentary Sedentary

1.65 1.87 162 323 521 0.092 2.13 123 246 396
1.65 1.89 175 351 568 0.089 2.23 121 242 392
1.66 1.90 191 383 619 0.087 2.34 119 239 387
1.67 1.92 207 414 669 0.084 2.44 118 237 383
1.68 1.93 224 447 722 0.082 2.52 118 236 381
1.69 1.95 239 478 772 0.079 2.59 118 235 380
1.70 1.97 257 513 829 0.077 2.67 117 233 377
1.71 1.98 274 548 885 0.074 2.76 115 231 373
1.73 2.01 294 588 949 0.072 2.85 114 228 367
1.75 2.03 315 630 1,019 0.069 2.94 112 224 362
1.76 2.05 341 683 1,103 0.067 2.99 112 224 361
1.78 2.06 369 739 1,193 0.064 3.00 112 225 363
1.79 2.08 395 790 1,276 0.062 3.01 113 227 366
1.80 2.10 416 832 1,343 0.059 3.01 115 230 371
1.81 2.11 430 860 1,388 0.057 3.00 117 234 377
1.82 2.13 440 880 1,421 0.054 2.96 120 241 388

f Determined from treadmill testing (Puyau et al., 2002; Treuth et al., 1998; Treuth et
al., 2000; Treuth et al. (2003).
g Calculated as energy cost of walking 2.5 mph (kcal/kg/min) divided by BEE MET
(kcal/kg/min).
h Calculated by dividing the difference in energy expenditure from sedentary level
(kcal/d) by the energy cost of walking 2.5 mph (kcal/kg/min) × weight (kg).
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prevent excessive weight gain. Fitness promotes faster delivery, which is
considered beneficial to mother and baby, and hastens recovery from preg-
nancy. Moreover, resumption of physical activity after pregnancy is impor-
tant for restoration of normal body weight. Women who gain more than
the recommended weight during pregnancy and who fail to lose this weight
6 months after giving birth are at much higher risk of being obese nearly a
decade later (Rooney and Schauberger, 2002). Professional organizations
such as the American College of Obstetricians and Gynecologists (ACOG)
have published guidelines and specific recommendations for exercise by
women before, during, and after pregnancy (ACOG, 1994).

A full description of the benefits and hazards of exercise for the preg-
nant woman and fetus is beyond the scope of this report. Physically active

TABLE 12.7 Total Energy Expenditure (TEE) in Girls and
Walking Times at Speeds of 2.5 mph to Move to the Next
Higher Physical Activity Level (PAL)

TEE (kcal/d) PAL
BEE BEE
METs METs Low Very Low

Age Weight Height BEE (kcal/kg/ (kcal/ Sedentary Active Active Active Active
(y) (kg)a (m)a (kcal/d)b min)c kg/hr) PALd PALd PALd PALd PALe

3 13.9 0.94 879 0.044 2.63 1,060 1,223 1,375 1,629 1.39
4 15.8 1.01 910 0.040 2.40 1,113 1,290 1,455 1,730 1.42
5 17.9 1.08 943 0.037 2.20 1,169 1,359 1,537 1,834 1.44
6 20.2 1.15 979 0.034 2.02 1,227 1,431 1,622 1,941 1.46
7 22.8 1.21 1,014 0.031 1.85 1,278 1,495 1,699 2,038 1.47
8 25.6 1.28 1,056 0.029 1.72 1,340 1,573 1,790 2,153 1.49
9 29.0 1.33 1,094 0.026 1.57 1,390 1,635 1,865 2,248 1.49

10 32.9 1.38 1,139 0.024 1.44 1,445 1,704 1,947 2,351 1.50
11 37.2 1.44 1,193 0.022 1.34 1,513 1,788 2,046 2,475 1.50
12 41.6 1.51 1,253 0.021 1.26 1,592 1,884 2,158 2,615 1.50
13 45.8 1.57 1,306 0.020 1.19 1,659 1,967 2,256 2,737 1.51
14 49.4 1.60 1,337 0.019 1.13 1,693 2,011 2,309 2,806 1.50
15 52.0 1.62 1,351 0.018 1.08 1,706 2,032 2,337 2,845 1.50
16 53.9 1.63 1,352 0.017 1.05 1,704 2,034 2,343 2,858 1.50
17 55.1 1.63 1,340 0.017 1.01 1,685 2,017 2,328 2,846 1.51
18 56.2 1.63 1,327 0.016 0.98 1,665 1,999 2,311 2,833 1.51

a From Chapter 5, Table 5-9.
b BEE = Basal Energy Expenditure, calculated from equations in Chapter 5; see “TEE
Equations for Normal-Weight Children.”
c MET = Metabolic Equivalents as calculated from BEE/weight (kg)/1,440 minutes (1
day).
d From Chapter 5, Table 5-21.
e PAL = Physical Activity Level = TEE/BEE.
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TABLE 12-8 Target Heart Rate Zones for
Healthy Pregnant Women

Age (y) Heart Rate (beats/min)

< 20 140–155
 20–29 135–150
 30–39 130–145

> 40 125–140

SOURCE: Mottola and Wolfe, 2000.

Difference in energy
expenditure from Energy
sedentary level (kcal/d) cost of Walking equivalent (min)h

walking
Very Low Very 2.5 mph METs of Low Very

Active Active Active– Active– Active– (kcal/kg/ walking Active– Active– Active–
PALe PALe Sedentary Sedentary Sedentary 2.5 min)f mphg Sedentary Sedentary Sedentary

1.57 1.85 163 315 569 0.095 2.16 124 239 432
1.60 1.90 177 342 617 0.091 2.28 123 237 428
1.63 1.94 190 368 665 0.088 2.40 121 234 423
1.66 1.98 204 395 714 0.085 2.51 119 231 418
1.68 2.01 217 421 760 0.081 2.63 117 228 411
1.70 2.04 233 450 813 0.078 2.72 117 226 408
1.70 2.05 245 475 858 0.074 2.84 114 220 398
1.71 2.06 259 502 906 0.071 2.96 111 215 388
1.72 2.07 275 533 962 0.068 3.04 109 212 382
1.72 2.09 292 566 1,023 0.064 3.07 109 212 383
1.73 2.10 308 597 1,078 0.061 3.07 110 214 387
1.73 2.10 318 616 1,113 0.058 3.06 112 217 392
1.73 2.11 326 631 1,139 0.054 3.00 116 224 405
1.73 2.11 330 639 1,154 0.051 2.91 121 234 422
1.74 2.12 332 643 1,161 0.047 2.81 127 246 445
1.74 2.13 334 646 1,168 0.044 2.68 135 261 472

f Determined from treadmill testing (Puyau et al., 2002; Treuth et al., 1998; Treuth et
al., 2000; Treuth et al. (2003).
g Calculated as energy cost of walking 2.5 mph (kcal/kg/min) divided by BEE MET
(kcal/kg/min).
h Calculated by dividing the difference in energy expenditure from sedentary level
(kcal/d) by the energy cost of walking 2.5 mph (kcal/kg/min) × weight (kg).
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and fit women should consult with their physician on how to exercise
safely during pregnancy, and probably no pregnant woman should begin
an exercise-training program without medical evaluation and exercise
instruction. To an extent, anatomy and physiology protect the fetus from
injury because the uterus provides a protective environment, the placenta
can use alternative energy fuels (e.g., lactate), and fetal blood has a higher
affinity of oxygen than does adult hemoglobin (Mottola and Wolfe, 2000).
However, excessive exercise or incorrect exercise could compromise
placental blood flow, expose the fetus to hypoxemia (low blood oxygen),
hypoglycemia (low blood sugar), or hyperthermia (high body tempera-
ture), or increase risk of trauma to woman and fetus. Excessive exercise
could increase the risk of preterm delivery and lower birth weight (ACOG,
1994).

Education, common sense, and the feeling of body wellness that comes
from regular physical activity can be important in guiding a pregnant
woman who wants to retain the health benefits of physical activity. For
instance, moderate-intensity, rhythmical activities (walking, cycling, swim-
ming, jogging, and dancing) are recommended, whereas activities such as
water skiing, surfing, scuba diving, and mountaineering at high altitudes
pose unknown risks to the fetus and are not recommended at any time
during pregnancy (ACOG, 1995). Similarly, intense physical activity and
exercising for extended periods while dehydrated, under hot environ-
mental conditions, and while fasted may increase the risk of hyperthermia
and hypoglycemia. Usually, as pregnancy progresses, women instinctively
alter exercise activity patterns. Women also need be aware to change or
enhance exercise equipment, such as switching from supine to upright
cycling. ACOG publishes several texts (e.g., Encyclopedia of Women’s Health)
and brochures (e.g., “Wellness Exercise During Pregnancy”) that provide
advice for the general public and health professionals.

Historically, concern has been that intense physical activity could result
in low birth weight infants and preterm delivery, but this concern needs to
be balanced against the need to control body weight during pregnancy
and afterward and current evidence that prudent physical activity per-
formed at moderate intensities within current guidelines has no adverse
effects on fetal development (Mottola and Wolfe, 2000). Exercise prescrip-
tions for pregnant women are not dissimilar to those for other adults.
Exercise sessions should be preceded by a 5- to 15-minute warm-up, and
followed by a similar cool-down period. Training duration should be 15 to
30 minutes. Exercise frequency should be 3 to 5 times per week, and not
increase in frequency during first or third trimesters because of fatigue
and an evaluation of risks to benefits. Exercise intensity should be moderate
and elicit 60 to 70 percent Vo2max, which can be monitored by the maternal
heart rate response as shown in Table 12-8. Alternatively, on the 20-point
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Borg Rating of Perceived Exertion Scale, women should be exercising at
an intensity between 12 and 14 (“somewhat hard”). And finally, intensity
can be gauged by the talk test, or exercise intensity where lactic acidosis
drives pulmonary minute ventilation so that the pregnant woman is out of
breath and cannot carry on a conversation.

Physical Activity Level Consistent with a Normal Body Mass Index

Based on Table 12-2, 30 minutes of moderately intensive physical
activity (∆PAL = 0.099 for walking at 4 mph) would be sufficient to raise
the PAL of a person doing only the activities of daily living (PAL = 1.39)
from the “sedentary” category (PAL ≥ 1.0 < 1.4), to the “low active” category
(PAL ≥ 1.4 < 1.6), but insufficient to raise the PAL to the “active” category
(PAL ≥ 1.6 < 1.9), the average PAL category of normal weight adults in the
DLW database with BMIs from 18.5 up to 25 kg/m2 (Table 5-10). One
hour of moderately intensive physical activity (∆PAL = 0.2 for walking at
4 mph) would raise the PAL from 1.39 to 1.59, the upper range of the low
active category (PAL ≥ 1.4 < 1.6). Thus on the average, an energy expendi-
ture equivalent to at least 60 minutes of moderate intensity physical activity
is required to raise the PAL from the “sedentary” to the “active” category
(PAL ≥ 1.6 < 1.9).

Physical Activity Recommendations for Adults and Children

Cross-sectional data from the DLW database were used to define a
recommended level of physical activity for adults and children, based on
the PAL associated with a normal BMI range of 18.5 to 25 kg/m2 (Chapter 5).
Factors known to affect body weight were controlled for in the DLW studies,
allowing for a reliable assessment of the level of physical activity consistent
with a normal weight. Because an average of 60 min/day of moderate
intensity physical activity provides a PAL that is associated with a normal
BMI range, this is the amount of activity that is recommended for normal
weight adults. As stated in Chapter 4, the Dietary Reference Intakes are
provided for the apparently healthy population, therefore recommended
levels of physical activity that would result in weight loss of overweight or
obese individuals are not provided.

In terms of making a realistic physical activity recommendation for
busy individuals to maintain their weight, it is important to recognize that
exercise and activity recommendations consider “accumulated” physical
activity. This involves consideration of EEPAs of both low intensity activi-
ties of daily life (e.g., taking the stairs at work) as well as participating in
more vigorous activities (e.g., taking an aerobics class). Recognition of the
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value of accumulated physical activity in raising TEE makes reasonable
activity patterns and sedentary occupations compatible by including signif-
icant amounts of moderate intensity activity (e.g., 60 minutes/day of brisk
walking) or exercises requiring high intensities (e.g., jogging or running)
performed regularly (4–7 days/week).

It is difficult to determine a quantifiable recommendation for physical
activity based on reduced risk of chronic disease. Meeting the 60 minute/day
physical activity recommendation, however, offers additional benefits in
reducing risk of chronic diseases, for example, by favorably altering blood
lipid profiles, changing body composition by decreasing body fat and
increasing muscle mass, or both (Eliakim et al., 1997; Schwartz et al., 1991;
Wei et al., 1997; Wilbur et al., 1999).

EVIDENCE FOR HEALTHFUL EFFECTS OF
PHYSICAL ACTIVITY

Epidemiological Evidence for Reduced Risk of
Chronic Diseases and Mortality

Men and women with moderate to high levels of physical activity or
cardio-respiratory fitness have lower mortality rates than sedentary indi-
viduals with low fitness (Blair et al., 1993; Colditz and Coakley, 1997; Myers
et al., 2002; Paffenbarger et al., 1994; Sandvik et al., 1993). For instance, in
a study of Harvard alumni, mortality rates for men walking on average less
than 9 miles each week were 15 percent higher than in men walking more
than 9 miles a week (Paffenbarger et al., 1994). Moreover, in the same
study, men who took up vigorous sports activities lowered their risk of death
by 23 percent compared to those who remained sedentary (Paffenbarger et
al., 1993). Similar favorable effects were observed in the Aerobics Center
Longitudinal Study as men in the lowest quintile of fitness who improved
their fitness to a moderate level, reduced mortality risk by 44 percent, an
extent comparable to that achieved by smoking cessation (Blair et al.,
1995). Results from observational and experimental studies of humans
and laboratory animals provide biologically plausible insights into the
benefits of regular physical activity on the delayed progression of several
chronic diseases. The interrelationships between physical activity and cancer,
cardiovascular disease, type 2 diabetes mellitus, obesity, and skeletal health
are detailed in Chapter 3.

Table 12-9 shows seven prospective studies that associated varying ranges
of leisure time energy expenditure (kcal/day or kcal/week) with the risk
of chronic diseases and/or associated mortality. Assuming an average of
150 kcal expended per 30 minutes of moderate physical activity (Leon et
al., 1987), the amount (minutes/day) of physical activity associated with
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risk was determined. The required amount of physical activity depended
on the endpoint being evaluated. The minimum amount of physical activity
that provided a health benefit ranged from 15 to 60 minutes/day. The
amount of physical activity that provided the lowest risk of morbidity and/or
mortality was 60 to greater than 90 minutes/day.

The proposed recommendation for a daily energy expenditure equiv-
alent to that expended during 60 minutes of brisk walking is consistent
with those recommendations in Physical Activity and Health: A Report of the
Surgeon General (HHS, 1996). This recommendation is also consistent with
Canada’s “Physical Activity Guide to Healthy Living” (Health Canada,
1998), and the World Health Organization technical report on obesity
(2000). Specifically, recommendation number 3 in Chapter 2 of the Sur-
geon General’s report states: “Recommendations from experts agree that
for better health, physical activity should be performed regularly. The most
recent recommendations advise people of all ages to include a minimum
of 30 minutes of physical activity of moderate intensity (such as brisk walking)
on most, if not all, days of the week. It is also acknowledged that for most
people, greater health benefits can be obtained by engaging in physical
activity of more vigorous intensity or of longer duration.”

Since the articulation of the HHS recommendation for a minimum
30 minutes/day of physical activity (HHS, 1996), evidence from epidemio-
logical, observational and intervention studies continue to support the
quoted statement above. Recently, the Women’s Health Initiative Observa-
tional Study reported that 2.5 hours/week of vigorous exercise was associated
with significantly reduced risk of cardiovascular disease in postmenopausal
women (Manson et al., 2002). Moreover, they showed that more vigorous
exercise was associated with an increased degree of protection. Conversely,
physical inactivity, noted by prolonged sitting, was shown to be a signifi-
cant risk factor for cardiovascular disease.

Similarly, reporting on treadmill evaluations of over 6,000 men studied
over a 6-year period, Myers and coworkers (2002) concluded that “exer-
cise capacity is a more powerful predictor of mortality among men than
other established risk factors for cardiovascular disease.” Recently, Kraus
and colleagues (2002) demonstrated favorable effects of jogging for
6 months on blood lipoprotein profiles in overweight men and women,
and the extent of changes were related to the amount and intensity of
exercise.

Mental Health

Regular exercise has historically been associated with physical health
and vigor (HHS, 1996), but exercise may also contribute to the sense of
overall well-being and improved mood state. Mental health variables have
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TABLE 12-9 Prospective Studies on the Level of Physical
Activity in Reducing the Risk of Chronic Disease and Mortality

Reference Subjects Study Designa

Paffenbarger 16,936 Harvard Questionnaire on leisure-time
et al., 1978 male alumni, physical activity, 6- to 10-y

35–74 y follow-up on risk of first
heart attack

Paffenbarger 16,936 Harvard Questionnaire on leisure-time
et al., 1986 male alumni, physical activity, 12- to 16-y

35–74 y follow-up on all-cause
mortality

Leon et al., 12,866 men, Multiple Risk Factor
1987 35–57 y Intervention Trial using

Minnesota questionnaire of
leisure-time physical activity,
7-y follow-up on CHD, other
and all-cause mortality

Slattery et al., 3,043 U.S. Leisure-time physical activity
 1989 male railroad questionnaire, 17- to 20-y

workers follow-up on CHD and all-
cause mortality

Helmrich et al., 5,990 men, Questionnaire on leisure-time
1991 39–68 y physical activity, 14-y follow-

up on development of
type 2 diabetes

Haapanen et al., 1,072 Finnish Questionnaire on leisure-time
1996 men, 35–63 y physical activity, 10-y follow-

up on the incidence of all-
cause mortality and CVD
mortality
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continued

Findingsb Analysis of Findings

The minimum  amount of time associated The minimum amount of physical
with a reduction in a first heart attack activity associated with a reduction
was > 500 kcal/wk in a first heart attack was > 15 min/d

The maximum reduction in risk of a first The maximum reduction in risk of a
heart attack was associated with leisure- fatal heart attack was at 60–90 min/d
time energy expenditure of 2,000–2,999
kcal/wk

All-cause mortality declined steadily as The minimum amount of physical
ranges of energy expenditure from activity associated with reduced
physical activity increased from 500– mortality was 30–60 min/d
999 to 3,000–3,500 kcal/wk, beyond The amount of physical activity
which rates slightly increased associated with maximum reduction

in mortality was 85–100 min/d

The minimum amount of physical
activity associated with reduced
CHD and all-cause mortality was 30–
60 min/d.  The amount of physical
activity associated with the maximum
reduced CHD and all-cause mortality
was 30–60 min/d

The minimum amount of total leisure The minimum amount of total leisure
physical activity associated with time physical activity associated with
reduced CHD, CVD and all-heart reduced mortality was 10–30 min/d
mortality was 251–1,000 kcal/wk 30–60 min/d of total leisure time

Risk from death was the lowest when physical activity was associated with
total leisure-time physical activity the maximum reduced risk of mortality
(light to moderate) was 1,001–1,999
kcal/wk

The minimum amount of mild/moderate The minimum range of mild/moderate
physical activity associated with a physical activity associated with a
reduced incidence of type 2 diabetes reduced risk of type 2 diabetes was
was 1,000–1,499 kcal/wk 30–45 min/d

The incidence of type 2 diabetes declined The amount of mild/moderate physical
as energy expenditure increased from activity associated with the maximum
< 500 (rr = 1) to > 3,500 kcal/wk reduction in type 2 diabetes was
(rr = 0.48) > 90 min/d

The minimum amount of physical activity The minimum amount of physical
associated with a reduced risk of CVD activity associated with reduced
and all-cause mortality was 800–1,500 mortality was 23–45 min/d
kcal/wk The amount of physical activity

The amount of physical activity associated with the maximum
associated with the maximum reduction reduction in all-cause mortality was
in all-cause mortality was > 2,100 > 60 min/d and 23–45 min/d for
kcal/wk and 800–1,500 kcal/wk for CVD mortality
CVD mortality
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been related to various forms of exercise, particularly acute and chronic
aerobic exercise. The research evidence now supports stronger conclusions
than presented in the Physical Activity and Health: A Report of the Surgeon
General (HHS, 1996). The vast majority of review articles have concluded
that acute or chronic aerobic exercise is related to favorable changes in
anxiety, depression, stress reactivity, positive mood, self-esteem, and cogni-
tive functioning (Anthony, 1991; Craft and Landers, 1998; Landers and
Arent, 2001; Mutrie, 2000; North et al., 1990; Paluska and Schwenk, 2000;
Salmon, 2001). Although one reviewer (Mutrie, 2000) has argued for a
causal relationship between exercise and the reduction of clinical depression,
others suggest that there are not enough clinical trial studies to support a
causal interpretation (Landers and Arent, 2001). Examination of the meta-
analyses indicates that the overall magnitude of the effect of exercise on
anxiety, depression, stress reactivity, and cognitive functioning ranges from
small to moderate, but in all cases, these effects are statistically significant
(Landers and Arent, 2001).

These results are encouraging, but there is still much to learn before
the relationship between physical activity and mental health can be fully
understood. Recent reviews on endorphins (Hoffman, 1997), serotonin
(Chaouloff, 1997), and norepinephrine (Dishman, 1997) have provided
experimental evidence for potential mechanisms by which exercise can
produce calming effects and mood enhancements.

TABLE 12-9 Continued

Reference Subjects Study Designa

Rockhill et al., 121,701 female Questionnaire on physical
2001 nurses, 30–55y activity, 20-y follow-up of

all-cause mortality, and death
from various diseases

a CHD = coronary heart disease, CVD = cardiovascular disease.
b rr = relative risk.
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BALANCE OF CARBOHYDRATE AND LIPID OXIDATION
DURING EXERCISE AND RECOVERY

The balance of carbohydrate and lipid used by an individual during
exercise depends mainly on relative intensity, or level of effort as related
to the individual’s maximal rate of oxygen consumption (Vo2max) the
greatest oxygen consumption that can be attained during an all out physical
effort). In general, Vo2max is related to body muscle mass and is a relatively
constant value for a given individual but it can be altered by various factors,
particularly aerobic training, which will induce a change of 10 to 20 per-
cent. Thus, on an absolute basis, bigger individuals tend to have a larger
Vo2max (measured in liters of O2 consumed/minute) than do smaller
individuals. However, Vo2max is also related to the size of the body and
the heart. Hence, for purposes of comparison, Vo2max is frequently con-
sidered in terms of mL/kg/min. Some examples are illustrative. An unfit
man of average weight (70 kg) might have an absolute Vo2max of 2.8 L/min,
corresponding to 40 mL/kg/min (2.8 L/70 kg/min). If the man’s resting
metabolic rate (RMR) is 250 mL/min, he would be expected to be capable of
11.5 MET (40 mL/kg/min divided by 1 MET defined as 3.5 mL O2/kg/min).
However, a heart disease patient of the same body size might be capable of
only a Vo2max of 0.50 to 0.75 L/min, corresponding to 7 mL/kg/min
(0.5 L/70 kg/min) to 10 mL/kg/min (0.75 L/70 kg/min). This would be
equivalent to 2 (7 mL/kg/min divided by 3.5 mL O2/kg/min) or 3 METs
(10 mL/kg/min divided by 3.5 mL O2/kg/min), while an Olympic-class
middle distance runner of the same weight may be capable of achieving a

Findingsb Analysis of Findings

The minimum amount of physical activity The minimum amount of physical
associated with a reduced risk of all- activity associated with a reduced
cause mortality and specific causes or risk of mortality was 15–30 min/d
mortality was 1–1.9 h/wk A minimum amount of physical

The maximum reduction in risk (rr = 0.71) activity associated with the maximum
of all-cause mortality was observed for reduction in mortality was 60 min/d
those who expended > 7 h/wk of
physical activity; those specific causes
of death that were most affected were
respiratory deaths (rr = 0.23) and
noncancer, non-CVD, and nondiabetes
deaths (rr = 0.46)

NOTE: 150 kcal = 30 min of a combination of light, moderate, and some vigorous
physical activity (Leon et al., 1987).
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Vo2max of 6 L/min, which is equivalent to 85 mL O2/kg/min (6 L/70 kg/
min), or 24 METs (85 mL O2/kg/min divided by 3.5 mL O2/kg/min).

Lipid is the main energy source in muscle and at the whole-body level
during rest and mild intensity activity (Brooks and Mercier, 1994). As
intensity increases, a shift from the predominant use of lipid to carbo-
hydrate occurs. Figure 12-7 describes this crossover concept and, as can be
seen in the figure, the relative use of fat is greatest at relatively low exercise
intensities, particularly when individuals are fasting. Training slightly
increases the relative use of fat as the energy source during low to moderate
exercise intensities, particularly in the fasted state. In regard to the amount
of fat oxidized, it must be considered that the energy output for a given
percent of Vo2max is proportionally higher (in this case 50 percent) in
trained rather than in untrained cyclists. However, at relatively high power
outputs, substrate use crosses over to predominant use of carbohydrate
energy sources regardless of training state or recent carbohydrate nutrition.

To be used for energy generation, protein must first be degraded to
amino acids before the carbon-hydrogen-oxygen skeleton can be used as
an energy source through the pathways of carbohydrate and lipid metabo-
lism, while the amino acid nitrogen is transferred and eliminated, primarily
in the form of urea. The rate at which amino acids contribute to energy
generation is fairly constant and does not increase nearly as much as
glucose and fatty acid oxidation during periods of physical exertion. While
the rate of oxidation of particular amino acids (e.g., leucine) may rise
significantly during exercise, not all amino acids respond in the same way,
and amino acids diminish in relative importance as fuels when power out-
put rises during exercise (Brooks et al., 2000), providing only a small
percentage of the energy used during physical activity (Brooks, 1987).
Indeed, using amino acids as a major energy source would be wasteful,
since protein is the most limited energy yielding nutrient. Beyond the
overriding effect of relative exercise intensity, other factors such as exer-
cise duration, gender, training status, and dietary history play important,
but secondary, roles in determining the pattern of substrate utilization
(Brooks et al., 2000). Therefore, the same general relationships among
relative exercise intensity, duration, and pattern of substrate utilization
hold for most persons, including endurance athletes.

Intensity of Physical Activity

Oxidation of lipid provides most of the energy (~ 60 percent) for non-
contracting skeletal muscle and overall for the body at rest in people who
have not eaten for 10 to 12 hours (i.e., postabsorptive conditions) (Brooks,
1997). Glucose released from the liver into the circulation provides the
remainder of the energy for the body overall, particularly the brain, kidneys,
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FIGURE 12-7 Illustration of the effects of relative exercise intensity, recent carbo-
hydrate feeding, and training status on the relative use of carbohydrate (CHO)
and lipid (black) energy sources as determined by indirect calorimetry. Untrained
men (UT) and trained (T) male cyclists were studied after being recently fed (3–4
h after a 550-kcal meal [87% CHO, 11% protein, 2% fat]) or after an overnight (12-
h) fast, during continuous cycling at graded relative exercise intensities over peri-
ods of 120 min (22% and 40% Vo2max), 90 min (59% Vo2max), and 45 min (75%
Vo2max). Exercise intensity expressed as a percentage of maximal oxygen con-
sumption (Vo2max), which averaged 39 and 58 mL of oxygen/min/kg body weight
among the UT and T cyclists. p < 0.05 for #. Reprinted, with permission, from
Bergman and Brooks (1999). Copyright 1999 by the American Physiological Soci-
ety.
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and blood. During mild exercise, the use of lipid increases, but if the level
of effort increases, carbohydrate energy sources are used to a relatively
greater extent (Figure 12-7). Peak rate of lipid oxidation is achieved at
approximately 45 percent of Vo2max. For exercises intensities greater than
50 percent of Vo2max, the oxidation of free fatty acids declines in muscle,
both as a percentage of total energy as well as on an absolute basis. In
other words, there is crossover from prevalence of lipid oxidation at rest
and during mild exercise to predominance of carbohydrate energy sources
during moderate and greater efforts. The main carbohydrate energy source
is muscle glycogen, and this is supplemented to some extent by glucose
and lactate—glucose mobilized from the liver and lactate produced by
muscle glycogen breakdown. If exercise persists beyond 60 to 90 minutes,
lipid use will rise as carbohydrate fuel sources become depleted. In this
case, the intensity of exercise must drop because of the depletion of muscle
glycogen, decreasing levels of blood glucose, and other fatiguing conse-
quences of the effort (Graham and Adamo, 1999).

Dietary carbohydrate is relatively rapidly assimilated compared to fat
and protein, thus raising blood glucose and insulin levels. The increments
in blood glucose and insulin in response to carbohydrate intake are less in
trained than in untrained individuals (Dela et al., 1991; King et al., 1987).
Still, carbohydrate feeding stimulates carbohydrate oxidation, raising the
respiratory exchange ratio (RER = R = Vco2/Vo2) in all individuals. Hence,
as shown in Figure 12-7 for fed individuals, crossover to predominant
carbohydrate oxidation occurs already during mild (22% Vo2max) exercise,
even in trained individuals, if they have recently consumed carbohydrates.

Duration of Physical Activity

Within seconds after initiation of even mild exercise, muscle glycogen
stores are mobilized to provide energy for muscle work. Over the next few
minutes, as circulatory oxygen supply rises to meet demand and muscle
cell energy homeostasis is restored, the use of muscle glycogen subsides
and free fatty acids (FFA) as well as lipid previously stored within muscle
cells (intramuscular triacylglycerol) are activated and used. After the tran-
sition period in which glycogen is primarily used, the fuel mix used during
sustained mild intensity exercise returns toward the mix used at rest, in
which FFA predominate. Such mild intensities correspond to easy walking
and household chores. As exercise intensity increases, FFA oxidation
increases, achieving a peak at about 45 percent Vo2max; thereafter, use of
carbohydrate fuel sources (i.e., muscle glycogen, blood glucose, lactate)
rises exponentially and lipid oxidation declines (Figure 12-7). Depending
on the person, the change from fat to carbohydrate dependence occurs at
different levels of exertion. In some individuals, this may happen during
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activities such as brisk walking. When labored breathing accompanies
exercise, crossover to carbohydrate dependence has generally occurred.

In most cases, relationships between activity duration and intensity will
be inversely related—harder intensity physical activities will necessarily be
of less duration than easier ones. Extreme effort is made possible in part
by the use of preformed high-energy bonds in the form of creatine-
phosphate, in addition to energy generation by glycogen and glucose
catabolism, with very little use of fat, leading to fatigue within seconds or
minutes. Thus, the energy flux rate will be high, but total energy liberated
small. In contrast, activities of mild to moderate intensity, performed over
periods of hours, can result in large increments of energy expenditure
with a substantial contribution coming from lipid stores (Brooks et al.,
2000). Therefore, in order to use physical activity to enhance body fat
utilization, sustained activity that causes substantial increases in energy
expenditure is more important than the peak rate of substrate oxidation.
Even in highly fit athletes, glycogen reserves will become largely depleted
after maintaining high rates of exertion for several hours, so that increas-
ing amounts of lipid will be oxidized. As a result of such physical activity,
increased lipid oxidation will also take place during recovery from exercise
(Chad and Quigley, 1991; Kiens and Richter, 1998).

Gender

In general, metabolic responses of women and men are similar, but
women oxidize more lipid than men during exercise and when perform-
ing a task at a given level of intensity (Friedlander et al., 1998a, 1998b,
1999; Tarnopolsky et al., 1990). Paradoxically, women depend more on
blood glucose and less on muscle glycogen than do men. The effects of
menstrual variations on substrate utilization are under investigation, but
the effects are likely to be small, because estrogen and progesterone appear
to have antagonistic effects on substrate utilization (Campbell et al., 2001;
Suh et al., 2002). In contrast to the effects of menstrual cycle variations in
endogenous ovarian sex steroids, high levels of exogenous synthetic ovarian
steroid analogs, such as contained in oral contraceptives, cause a mild
insulin resistance and decrease use of blood glucose in women at rest (Yen
and Vela, 1968). Consequently, men and women may possibly differ subtly
in patterns of substrate utilization during physical activity, but overall
patterns of carbohydrate and lipid use are similar. The effect of meno-
pause on substrate utilization during exercise has not been studied in
sufficient detail to establish if it leads to significant changes in substrate
utilization. However, changes in body fat content and distribution after
menopause suggest that patterns of activity and energy substrate utiliza-
tion change after menopause (Poehlman et al., 1995).
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Age

Maximal oxygen consumption is typically stable in the third decade of
life, but then declines approximately 1 percent/year (0.5 ml/kg/min) after
age 30 (Raven and Mitchell, 1980). This age-related decline is associated
with the decline in muscle mass and maximal heart rate that decreases
approximately 1 beat/min/year (Suominen et al., 1977). As a result, fat
oxidation during physical activity is decreased and carbohydrate oxidation
is increased in elderly adults (Sial et al., 1996). Recognizing that Vo2max
declines with age, any given task is likely to be accomplished at relatively
greater exercise intensity, and consequently greater dependence on
carbohydrate-derived energy sources. However, if relative exercise intensity
is considered, many older individuals are capable of prolonged exercise at
50 to 60 percent of Vo2max, and accordingly can oxidize significant quan-
tities of carbohydrate and lipid (Sial et al., 1996) to favorably affect physio-
logical systems as well as change energy balance and body composition.

Sedentary older individuals who become active through resumption of
outdoor activities, gymnasium exercises, or other forms of occupational or
recreational activities respond much like younger individuals (Hagberg et
al., 1989; Hagerman et al., 2000). While the extent of adaptation is obvi-
ously limited in older ages, relative changes in muscle strength and aerobic
capacity can be comparable or even greater than in younger adults
(Hagberg et al., 1989; Hagerman et al., 2000). It must be noted that acute
illness resulting in bed rest can result in a notable (~10 percent) decline in
Vo2max in 1 week, but the decline is transient and recovery occurs in a
similar time frame after resumption of regular physical activities (Greenleaf
and Kozlowski, 1982).

Growth and Development

In general, in children maximal oxygen consumption is higher per
unit of body weight and higher in boys than girls, although the difference
is small until the pubertal growth. The growth spurt usually comes earlier
in girls than boys, so maximal oxygen consumption in 12- to 13-year-old
girls may match or surpass that of age-matched boys. However, in boys,
puberty results in much larger increments in total muscle mass, blood
volume, and lung and heart size than girls. Girls acquire more fat mass
than do boys and boys frequently lose body fat during the pubertal growth
spurt. Consequently, puberty results in a large increment in Vo2max whether
expressed in absolute or relative terms in boys. In girls, the relative rise in
Vo2max during the pubertal growth spurt is smaller, since the absolute
increase in muscle mass is less and the relative rise in fat mass (FM) is
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greater than in boys. Regular endurance exercise can result in a significant
increment in the Vo2max of boys and girls (Brown et al., 1972; Mahon and
Vaccaro, 1989, 1994; Vaccaro and Clarke, 1978) as well as in adults (Gallo
et al., 1989; Maciel et al., 1985; Tabata et al., 1996).

It is generally assumed that the pattern of substrate utilization in chil-
dren during rest and exercise is similar to that in adults. However, the data
on effect of exercises of graded intensities and duration on the balance of
substrate utilization in children are scarce. Compared to adults, the capacity
of glycogenolysis in non–fully differentiated skeletal muscle is less in
children, and they are generally less capable of speed and power-related
activities (Krahenbuhl and Williams, 1992).

Physical activity levels in children vary widely, as they are capable of
large amounts of spontaneous, self-directed physical activity (Blaak et al.,
1992). The effects of exercise on body composition in children are likely
greater than in adults, because of the much greater levels of growth
hormone in children (Borer, 1995). Because growth hormone has both
anabolic (tissue-building) and lipolytic (fat-mobilizing) effects (Bengtsson
et al., 1990), it is not surprising that physically active children are stronger
and leaner than their obese counterparts (Owens et al., 1999).

Results from the 1999 Youth Risk Behavior Study (CDC, 2000) indicate
that only 29 percent of high school students attend physical education classes
daily, and participation declines to 20 percent by grade 12 (Table 12-10).
Furthermore, not only is there a decline in the frequency of physical edu-
cation participation by high school students, but there is also a steady
decline in the vigor of participation, as estimated by length of time engaging
in physical activity/exercise during class.

PHYSICAL FITNESS

Endurance (Aerobic) Exercise

Traditionally, the types of activities recommended for cardiovascular
fitness are those of a prolonged endurance nature, such as bicycling,
hiking, jogging, and swimming. Sometimes the word “aerobic” is used as
an alternative to describe such activities because integrated functions of
lungs, heart, cardiovascular system, and associated muscles are involved.
Because of the energy demands associated with aerobic activity, such activ-
ities have the potential to impact body fat mass (FM) (Grund et al., 2001).
By decreasing FM and preserving fat free mass (FFM), prolonged mild to
moderate intensity endurance exercise can change body composition.
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TABLE 12-10 Percentage of Students in Grades 9 Through 12
Who Reported Enrollment in Physical Education Classes,
Attendance in Physical Education Classes Daily, and Spending
More Than 20 Minutes Exercising During Class, by
Demographic Groupa

Attended Exercised More
Enrolled in Physical Physical Education Than 20 Min

Demographic Group Education Classes Classes Daily per Classb

Overall total 56.1 (48.9–63.3) 29.1 (19.7–38.5) 76.3 (72.6–80.0)
Gender

Females 51.5 (43.8–59.2) 26.3 (17.3–35.3) 69.6 (65.6–73.6)
Males 60.7 (53.7–67.7) 31.9 (21.9–41.9) 82.1 (77.5–86.7)

Race/ethnicity
White, non-Hispanic

Total 56.1 (46.3–65.9) 28.3 (15.5–41.1) 78.7 (74.3–83.1)
Females 51.7 (40.5–62.9) 25.8 (13.3–38.3) 72.4 (67.0–77.8)
Males 60.2 (51.0–69.4) 30.8 (17.5–41.1) 83.8 (79.3–88.3)

Black, non-Hispanic
Total 52.9 (39.1–66.7) 29.2 (19.3–39.1) 67.8 (64.3–71.3)
Females 47.1 (34.1–60.1) 25.5 (17.0–34.0) 55.8 (50.2–61.4)
Males 59.2 (43.4–75.0) 33.1 (20.4–45.8) 78.4 (74.3–82.5)

Hispanic
Total 59.3 (52.3–66.3) 40.4 (31.5–49.3) 75.5 (70.5–80.5)
Females 53.6 (44.5–62.7) 36.2 (25.9–46.5) 70.8 (63.9–77.7)
Males 65.1 (58.1–72.1) 44.6 (35.9–53.3) 79.6 (73.5–85.7)

Grade in school
9th

Total 78.9 (73.0–84.8) 42.1 (29.6–54.6) 78.7 (74.5–82.9)
Females 75.6 (69.0–82.2) 40.3 (28.1–52.5) 72.5 (65.6–79.4)
Males 82.3 (76.4–88.2) 44.0 (30.8–57.2) 84.4 (80.1–88.7)

10th
Total 60.9 (49.0–72.8) 30.4 (20.7–40.1) 75.1 (69.9–80.3)
Females 56.6 (43.1–70.1) 27.9 (17.7–38.1) 70.2 (64.6–75.8)
Males 65.3 (54.1–76.5) 32.8 (22.6–43.0) 79.4 (72.8–86.0)

11th
Total 40.7 (31.5–49.9) 20.0 (11.7–28.3) 75.7 (70.9–80.5)
Females 36.8 (27.6–46.0) 16.6 (8.2–25.0) 68.0 (61.2–74.8)
Males 44.6 (34.5–54.7) 23.5 (15.0–32.0) 82.0 (76.0–88.0)

12th
Total 36.6 (25.6–47.6) 20.1 (10.2–30.0) 73.4 (63.3–83.5)
Females 29.4 (17.6–41.2) 16.6 (8.5–24.7) 60.1 (51.9–68.3)
Males 43.8 (32.7–54.9) 23.6 (11.4–35.8) 82.3 (71.1–93.5)

a 95% confidence interval.
b Among students enrolled in physical education classes.
SOURCE: CDC. 2000. 1999 Youth Risk Behavior Survey.
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Resistance Exercise and General Physical Fitness

Initial efforts by health professionals to reduce FM involved endurance
exercise protocols mainly because of the large impact on total energy
expenditure and links to coronary heart disease risk amelioration. More
recent efforts using resistance exercise training, or combinations of resis-
tance and endurance exercises, have been tried to maintain the interest of
participants as well as to positively affect body composition through stimu-
lation of anabolic stimuli (Grund et al., 2001). Practitioners of speed,
power, and resistance exercises can change body composition by means of
the muscle-building effects of such exertions. Moreover, exercises that
strengthen muscles, bones, and joints stimulate muscle and skeletal devel-
opment in children, as well as assist in balance and locomotion in the
elderly, thereby minimizing the incidence of falls and associated complica-
tions of trauma and bed rest (Evans, 1999). While resistance training
exercises have not yet been shown to have the same effects on risks of
chronic diseases, their effects on muscle strength are an indication to
include them in exercise prescriptions, in addition to activities that pro-
mote cardiovascular fitness and flexibility.

Supplementation of Water and Nutrients

As noted earlier, carbohydrate is the preferred energy source for work-
ing human muscle (Figure 12-7) and is often utilized in preference to
body fat stores during exercise (Bergman and Brooks, 1999). However,
over the course of a day, the individual is able to appropriately adjust the
relative uses of glucose and fat, so that recommendations for nutrient
selection for very active people, such as athletes and manual laborers, are
generally the same as those for the population at large. With regard to the
impact of activity level on energy balance, modifications in the amounts,
type, and frequency of food consumption may need to be considered
within the context of overall health and fitness objectives. Such distinct
objectives may be as varied as: adjustment in body weight to allow peak
performance in various activities, replenishment of muscle and liver glycogen
reserves, accretion of muscle mass in growing children and athletes in
training, or loss of body fat in overweight individuals. However, dietary
considerations for active persons need to be made with the goal of assuring
adequate overall nutrition.

Following the recently released joint position statement of the American
College of Sports Medicine, American Dietetics Association, and Dietitians
of Canada (ACSM et al., 2000), water and fluids containing carbohydrates
and electrolytes may be consumed immediately prior to, during, and after
physical activity. For instance, a collegiate swimmer arriving on an empty
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stomach at the training site should be provided with fluids during and
immediately after training as well as food after training. Similarly, follow-
ing competition or training for competition, athletes should rehydrate
and consume a high carbohydrate meal (ACSM, 2000). For the healthy
individual, the amount and intensity of exercise recommended is unlikely
to lead to glycogen depletion, dehydration, or water intoxication. None-
theless, timing of post-exercise meals to promote restoration of glycogen
reserves and other anabolic processes can benefit resumption of normal
daily activities.

ADVERSE EFFECTS OF EXCESSIVE PHYSICAL ACTIVITY

Adverse Effects

Overuse Injuries

Physical exercise has the potential to cause overuse injuries to muscles,
bones, and joints as well as injuries caused by accidents. Additionally, pre-
existing conditions can be aggravated upon initiation of a physical activity
program, and chronic, repetitive activities can result in injuries. For
instance, running can result in injuries to muscles and joints of the lower
limbs and back, swimming can cause or irritate shoulder injuries, and
cycling can cause or worsen problems to the hands, back, or buttocks.
Fortunately, the recommendation in this report to accumulate a given
amount of activity does not depend on any particular exercise or sports
form. Hence, the activity recommendation can be implemented in spite of
possible mild, localized injuries by varying the types of exercise (e.g., walk-
ing instead of jogging). Recalling the dictum of “do no harm,” the physical
activity recommendations in this report are intended to be healthful and
invigorating. Activity-related injuries are always frustrating and often avoid-
able, but they do occur and need to be resolved in the interest of long-
term general health and short-term physical fitness.

Dehydration and Hyperthermia

Physical activity results in conversion of the potential chemical energy
in carbohydrates and fats to mechanical energy, but in this process most
(~ 75 percent) of the energy released appears as heat (Brooks et al., 2000).
Evaporative heat loss from sweat is the main mechanism by which humans
prevent hyperthermia and heat injuries during exercise. Unfortunately,
the loss of body water as sweat during exercise may be greater than what
can be replaced during the activity, even if people drink ad libitum or are
on a planned diet. Hence, exercise may result in dehydration that increases
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the stress and relative difficulty of subsequent activity. This can be aggra-
vated by environmental conditions that increase fluid losses, such as heat,
humidity, and lack of wind (Barr, 1999). Therefore, as already described,
people should consume water before, during (if possible), and after exer-
cise (ACSM et al., 2000).

A weight loss of 1 to 2 percent of body weight on a day following
exercise cannot be attributed to a loss of body fat, but reflects some degree
of hypohydration that needs to be compensated for by the consumption of
fluids (ACSM et al., 2000). Individuals who have lost more than 2 percent
of body weight are to be considered physiologically impaired (Naghii,
2000) and should not exercise, but rehydrate.

Hypothermia

Hypothermia can result from water exposure and during winter sports.
Even exposure to cool, damp environments can be dangerous to inade-
quately clothed and physically exhausted individuals. Accidental immersion
due to capsizing of boats, poor choice of clothing during skiing, change in
weather, or physical exhaustion leading to an inability to generate ade-
quate body heat to maintain core body temperature can all lead to death,
even when temperatures are above freezing. Prevention of hypothermia
and its treatment are beyond this report; however, hypothermia is unlikely
to accrue from attempts to fulfill the physical activity recommendation.
Because water and winter sports are gaining popularity and do provide
means to enjoyably follow the physical activity recommendation, safe par-
ticipation in such activities needs special instruction and supervision.

Cardiac Events

While regular physical activity promotes cardiovascular fitness and
reduces risks associated with cardiovascular diseases (CVD), heavy physical
exertion can trigger the development of arrhythmias or myocardial
infarctions (Mittleman et al., 1993; Thompson, 1982; Willich et al., 1993)
or, in some instances, can lead to sudden death (Kohl et al., 1992; Koplan,
1979; Siscovick et al., 1984; Thompson, 1982). Thus, while it is true that
compared to the population at large, individuals who exercise regularly
have reduced risk of CVD and sudden cardiac death, there is a transient
increase in risk in this group during and immediately after vigorous
exercise (Kohl et al., 1992; Siscovick et al., 1984). However, Manson and
colleagues (2002) recently reported that both walking and vigorous activity
were associated with marked reductions in the incidence of cardiovascular
events.
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Female Athlete Triad

Although loading the skeleton through resistance (e.g., weight train-
ing, weight-bearing exercises) and impact activities (e.g., jumping) increases
bone mineral density (BMD) (Fuchs et al., 2001; Welten et al., 1994),
athletic women who undereat and/or overtrain can develop a condition,
or cluster of conditions (disordered eating, amenorrhea, and osteoporosis)
termed the “female athlete triad” (ACSM, 1997; Thrash and Anderson,
2000; West, 1998). In this triad, disordered eating and chronic energy
deficits can disrupt the hypothalamic-pituitary axis, leading to loss of menses,
osteopenia, and premature osteoporosis (Loucks et al., 1998), increasing
the possibility of hip, spine, and forearm fractures. While dangerous in
themselves, skeletal injuries can predispose victims to a cascade of events
including thromboses, infections, and physical deconditioning.

Prevention of Adverse Effects

The possibility that exercise can result in overuse injuries, dehydration,
and heart problems has been noted above. Consequently, a prudent
approach to initiating physical activity or exercise by previously sedentary
individuals is recommended. Men over 40 years of age and women over
50 years of age, those with pre-existing conditions, known or suspected
risk factors or symptoms of cardiovascular and other chronic diseases
(physical inactivity being a known risk factor) should seek medical evalua-
tion as well as clinical exercise testing, clearance, and advice prior to initi-
ating an exercise program (ACSM, 2000). The evaluation should include a
stress electrocardiogram and blood pressure evaluation. Ideally, respiratory
measurements should be performed to evaluate Vo2max.

For all individuals initiating an exercise program, emphasis should be
placed on the biological principle of stimulus followed by response. Hence,
easy exercises must be performed regularly before more vigorous activities
are conducted. Similarly, exercise participants need to rest and recover
from previous activities prior to resuming or increasing training load. Also,
as already noted, conditions of chronic soreness or acute pain and insomnia
could be symptoms of over-training. Hence, activity progression should be
discontinuous with adequate recovery periods to minimize chances of
injury and permit physiological adaptations to occur. Those adaptations
are elicited during exercise but occur during recovery. Thus, physical
activity recommendations for healthful living, whether a minimum of
30 minutes for most days, as recommended in the Surgeon General’s
report (HHS, 1996), or 60 minutes a day, should not be construed as the
starting point for an adult wishing to change from a sedentary lifestyle to a
more active form of living. Depending on the individual, as little as 5 to
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10 minutes a day may represent an appropriate starting point, undertaken
under professional supervision for those with cardiovascular risk or ortho-
pedic problems. Attention also needs to be given to stretching and
strengthening activities as part of the physical activity core to healthful
living.

RESEARCH RECOMMENDATIONS

• More information is needed on the effect of exercise (i.e., endur-
ance, resistance, other), frequency, intensity, and duration on body fatness
in young and elderly adults and children.

• More information is needed on the effects of exercise on substrate
utilization and the roles of various energy depots (liver glycogen, muscle
glycogen, adipose triacylglycerol, intramuscular triacylglycerol) in exercise
and recovery in children, adults, and the elderly.

• Research is needed to determine whether the timing of meals and
exercise can be used to optimize changes in, or to maintain favorable
Body Mass Indexes and body compositions of moderately and very active
individuals.

• Research is needed to determine whether there are dietary compo-
sitions that optimize accretion of lean tissue in growing children and
physically active adults.

• More information is needed to identify the mechanisms by which
acute and chronic physical activity alter substrate utilization and body
composition.

• Efforts need to be undertaken to develop reliable, noninvasive, and
clinically appropriate measurements of body composition, cardiovascular
function, and physical fitness.

• Efforts should be directed at developing practical, yet reliable
methods to assess habitual levels of physical activity.
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13
Applications of Dietary
Reference Intakes for

Macronutrients

This chapter presents a general discussion of the appropriate uses of
the Dietary Reference Intakes (DRIs) in the assessment and planning of
diets for individuals and for groups. It also provides guidance for the use
of the DRIs developed for the nutrients presented in this report, including
specific examples and special considerations.

OVERVIEW

The Dietary Reference Intakes (DRIs) may be used for many purposes,
most of which fall into two broad categories: assessing current nutrient intakes
and planning for future nutrient intakes. Each category may be further
subdivided into uses for individual diets and for group diets (Figure 13-1).

For example, the Recommended Dietary Allowance (RDA), Estimated
Average Requirement (EAR), and Tolerable Upper Intake Level (UL) may
be used in assessing the diet of an individual as one aspect of a nutritional
status assessment. The RDA and Adequate Intake (AI) may be used as a
basis for planning a diet for the same individual. Likewise, the EAR and
UL are used to assess the nutrient intakes of a group, such as persons
participating in dietary surveys conducted as part of the National Nutrition
Monitoring System. The EAR and UL can also be used to plan nutritionally
adequate diets for groups, such as people receiving meals in nursing homes,
schools, prisons, and other group settings.

In the past, RDAs in the United States and Recommended Nutrient
Intakes (RNIs) in Canada were the primary reference standards available
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to health professionals for assessing and planning diets of individuals and
groups and for making judgments about inadequate and excessive intake.
However, neither the former RDAs nor the RNIs were ideally suited for
many of these purposes (IOM, 1994). The DRIs provide a more complete
set of reference values. The transition from using the former RDAs and
RNIs to using all of the DRIs appropriately will require time and effort by
health professionals and others.

Appropriate uses of each of the new DRIs are described briefly in this
chapter and in more detail in a report on the application of the DRIs in
assessment (IOM, 2000) and in a forthcoming report on their uses in
planning. Included in this chapter are specific applications to the nutrients
discussed in this report. Details on how the DRIs are set with reference to
specific life stage and gender groups, and the primary criterion that defines
adequacy for each of these nutrients are given in Chapters 5 through 10.

ASSESSING NUTRIENT INTAKES OF INDIVIDUALS

Dietary assessment methods have several inherent inaccuracies. One is
that individuals underreport their intakes (Mertz et al., 1991; Schoeller,

FIGURE 13-1 Conceptual framework—uses of Dietary Reference Intakes.
a Food plus supplements.
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1995; Schoeller et al., 1990), and it appears that obese individuals often do
so to a greater extent than do normal-weight individuals (Heitmann and
Lissner, 1995). There is no method to adjust intakes to account for under-
reporting by individuals and much work is needed to develop an acceptable
method. Another inherent inaccuracy is the quality of food composition
databases.

Furthermore, large day-to-day variations in intake, which are exhibited
by almost all individuals, mean that it often takes a prohibitively large
number of days of intake measurement to approximate usual intake
(Basiotis et al., 1987). As a result, caution is indicated when interpreting
nutrient assessments based on self-reported dietary data covering only a
few days of intake. Data on nutrient intakes should be interpreted in com-
bination with information on typical food usage patterns to determine if
the recorded intakes are representative of that individual’s usual intake.

Finally, because there is considerable variation in intakes both within
and between individuals, as well as variation associated with the require-
ment estimate, other factors must be evaluated in conjunction with the
diet. The Dietary Reference Intakes (DRIs) should be used in conjunction
with other data in assessing the adequacy of the diet of a specific indi-
vidual. The nutritional status of an individual can be definitively deter-
mined only by a combination of dietary, anthropometric, physiological
and biochemical data.

Using the Estimated Average Requirement and the
Recommended Dietary Allowance

The Estimated Average Requirement (EAR) estimates the median of a
distribution of requirements for a specific life stage and gender group, but
it is not possible to know where an individual’s requirement falls within
this distribution without further anthropometric, physiological, or bio-
chemical measures. Thus from dietary data alone, it is only possible to
estimate the likelihood     of nutrient adequacy or inadequacy. Furthermore,
only rarely are precise and representative data on the usual intake of an
individual available, adding additional uncertainty to the evaluation of an
individual’s dietary adequacy.

An approach for using data from dietary records or recalls to estimate
the likelihood that an individual’s nutrient intake is adequate is presented
in Dietary Reference Intakes: Applications in Dietary Assessment (IOM, 2000).
This approach is appropriate for nutrients with symmetrical requirement
distributions, which is thought to be true for all macronutrients in this
report for which EARs have been established. The following data are
required:
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• individual’s mean nutrient intake over a given number of days
• day-to-day standard deviation (SD) of intakes for each nutrient of

interest, as estimated from larger data sets for the appropriate life stage
and gender group

• EAR
• SD of the nutrient requirement in the individual’s life stage and

gender group.

From this information a ratio is computed that compares the magnitude
of difference between the individual’s intake and the EAR to an estimate
of variability of intake and requirements. The bigger the difference between
intake and EAR and the lower the variability of intakes and requirements,
the greater is the degree of certainty in assessing whether the individual’s
nutrient intake is adequate, inadequate, or excessive. This approach is
quantitative and should be used only when the data listed above are available.

However, in the more common situation where the estimate of usual
intake is not based on actual 24-hour recalls or records, but on dietary
history or food frequency questionnaires, a qualitative interpretation of
intakes can be used. For example, many practitioners use the diet history
method to construct a likely usual day’s intake, but the error structure
associated with this method is unknown. While the error associated with
food frequency questionnaires has been evaluated (Carroll et al., 1996;
Liu, 1994), use of these tools for quantitative nutrient assessment is still
not possible due to lack of accurate portion size estimates and grouping of
food items (IOM, 2000). Thus, a practitioner should be cautious when
using this method to approximate usual intakes.

Users of the DRIs may find it useful to consider that observed intakes
below the EAR probably need to be improved (because the probability of
adequacy is 50 percent or less) and those between the EAR and the Recom-
mended Dietary Allowance (RDA) probably need to be improved (because
the probability of adequacy is less than 97 to 98 percent). Only if intakes
have been observed for a large number of days and are at the RDA, or
observed intakes for fewer days are well above the RDA, should one have a
high level of confidence that the intake is adequate. Such considerations
are not applicable in the case of energy intake, which should match energy
expenditure in individuals maintaining desirable body weight (see later
section, “Planning Nutrient Intakes of Individuals,” and Chapter 5).

Using the Adequate Intake

Adequate Intakes (AIs) have been set for infants younger than 7 months
of age for n-3 and n-6 polyunsaturated fatty acids and protein. By defini-
tion, infants born at term who are exclusively fed human milk by healthy
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mothers consume an adequate nutrient intake. Infants who consume
formulas with a nutrient profile similar to human milk (after adjustment
for differences in bioavailability) are also assumed to consume adequate
levels of nutrients. When an infant formula contains nutrient levels that
are lower than those found in human milk, the likelihood of nutrient
adequacy for infants who consume this formula cannot be determined
because data on infants fed lower concentrations of nutrients are not avail-
able. AIs have also been established for infants 7 to 12 months of age for
all nutrients covered in this report except protein, and for all individuals
for Total Fiber and the n-3 and n-6 polyunsaturated fatty acids.

Equations that can be used to estimate the degree of confidence that
an individual’s usual intake meets or exceeds the AI are presented (IOM,
2000). The data required include the individual’s reported intake over a
given number of days, the AI for the age/gender group, and the day-to-
day (within-person) SD for the nutrient of interest, as estimated from
larger data sets for the appropriate life stage and gender group. Usual
individual intakes that are equal to or above the AI can be assumed to be
adequate. However, the likelihood of inadequacy of usual intakes below
the AI cannot be determined.

Using the Tolerable Upper Intake Level

The Tolerable Upper Intake Level (UL) is used to examine the possi-
bility of over-consumption of a nutrient. Equations have been developed
to determine the degree of confidence that an individual’s intake is below
the UL (IOM, 2000). If an individual’s usual nutrient intake remains below
the UL, there is no risk of adverse effects from excessive intake. At intakes
above the UL, the potential for risk of adverse effects increases. However,
the intake at which a given individual will develop adverse effects as a
result of taking large amounts of one or more nutrients is not known with
certainty. No ULs were set for the macronutrients in this report. However,
there is no established benefit to almost all healthy individuals who con-
sume amounts of nutrients that exceed the RDA or AI.

Equations that can be used to estimate the degree of confidence that
an individual’s usual intake equals or exceeds the UL are presented in
Dietary Reference Intakes: Applications in Dietary Assessment (IOM, 2000). The
data required include the individual’s reported intake over a given number
of days, the UL for the life stage and gender group, and the day-to-day
(within-person) SD for the nutrient of interest, as estimated from larger
data sets for the appropriate life stage and gender group.
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Using the Acceptable Macronutrient Distribution Range

In addition to presenting DRIs for macronutrients, this report also
presents Acceptable Macronutrient Distribution Ranges (AMDRs) for indi-
viduals as a proportion of total energy intake. The AMDRs represent
intakes that minimize the potential for chronic disease over the long-term,
permit essential nutrients to be consumed at adequate levels, and should
be associated with adequate energy intake and physical activity to maintain
energy balance. The AMDRs for adults are 20 to 35 percent of energy from
fat (including 0.6 to 1.2 percent of energy from n-3 polyunsaturated fatty
acids and 5 to 10 percent of energy from n-6 polyunsaturated fatty acids),
45 to 65 percent of energy from carbohydrate, and 10 to 35 percent of
energy from protein. For children, the AMDRs for total fat are 30 to 40 per-
cent between the ages of 1 and 3 years, and 25 to 35 percent between the
ages of 4 and 18 years. AMDRs for protein and carbohydrate do not vary
with age.

To estimate the degree of confidence that an individual’s diet falls
within the AMDR, the equations developed could be used to estimate the
degree of confidence that the individual’s intake exceeds the AI or remains
below the UL (IOM, 2000). The equation for the AI could be used to
determine the degree of confidence that intake is above the lower end of
the AMDR, and the equation for the UL could be used to determine the
degree of confidence that intake is below the upper end of the AMDR.
The data required include the individual’s average intake of the macro-
nutrient of interest as a percent of energy intake over a given number of
days, the boundaries of the AMDR, and the day-to-day (within-person) SD
of percent energy intake, as estimated from larger data sets for the appro-
priate life stage and gender group.

ASSESSING NUTRIENT INTAKES OF GROUPS

The assessment of nutrient adequacy for groups of people requires
unbiased, quantitative information on the intake of the nutrient of interest
by individuals in the group. Care must be taken to ensure the quality of
the information upon which assessments are made so that they are not
underestimates or overestimates of total nutrient intake. Estimates of total
nutrient intake, including amounts from supplements, should be obtained.
It is also important to use appropriate food composition tables with accu-
rate nutrient values for the foods as consumed.

Several steps must be taken to assess the intake of a group. First, the
intake distribution must be adjusted to remove the effect of day-to-day
variation of individual intake. This can be accomplished either by collect-
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ing dietary data for each individual over a large number of days or by
statistical adjustments to the intake distribution. The statistical adjustments
are based on assumptions about the day-to-day variation derived from
repeat measurements of a representative subset of the group under study
(Nusser et al., 1996). When this adjustment is performed and observed
intakes are thus more representative of the usual diet, the intake distribu-
tion narrows, giving a more precise estimate of the proportion of the group
with usual intakes below requirements (Figure 13-2). An explanation of
this adjustment procedure has been presented in two previous reports
(IOM, 2000; NRC, 1986).

A statistical approach is then used to combine the information on
nutrient intakes with the information on nutrient requirements in order
to determine the apparent percent prevalence of nutrient inadequacy in
the group. Two approaches are briefly described below and in detail else-
where (IOM, 2000; NRC, 1986).

The Probability Approach

Using the probability approach requires knowledge of both the distri-
bution of requirements and the distribution of usual intakes for the popu-
lation of interest. As described previously (IOM, 2000; NRC, 1986), the
probability approach involves: (1) determining the risk of inadequacy for

FIGURE 13-2 Comparison of 1-day and usual intakes for estimating the propor-
tion of a group consuming below the Estimated Average Requirement (EAR).
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each individual in the population and then (2) averaging the individual
probabilities of inadequacy across the group. Appendix C of Dietary Refer-
ence Intakes: Applications in Dietary Assessment (IOM, 2000) demonstrates
how to carry out the necessary calculations to obtain a prevalence estimate
for a group. Statistical programs (e.g., SAS or similar software) can be used
to carry out these procedures.

The EAR Cut-Point Method

In most situations a cut-point method using the Estimated Average
Requirement (EAR) may be used to estimate the prevalence of inadequate
intakes. This cut-point method is a simplification of the full probability
approach of calculating the prevalence of inadequacy described by the
National Research Council (NRC, 1986). The cut-point method allows the
prevalence of inadequate intakes in a population to be approximated by
determining the percentage of individuals in the group whose usual intakes
are less than the EAR for the nutrient of interest. This method assumes
that the intake and requirement distributions are independent, an assump-
tion that is not valid     for the energy requirements addressed in this report
because energy intakes are highly correlated to energy expenditure. The
cut-point method further assumes that the variability of intakes among
individuals within the group under study is at least as large as the variability
of their requirements. This assumption is usually warranted in free-living
populations. Finally, it assumes that the requirement distribution is sym-
metrical. This is thought to be true for all of the macronutrients discussed
in this report.

Using the Estimated Average Requirement

If the assumptions for the EAR cut-point method are met, the preva-
lence of inadequate intakes may be estimated by the proportion of the
distribution of usual intakes that falls below the EAR. An example of using
the EAR cut-point method to assess the dietary carbohydrate adequacy of
women aged 31 to 50 years follows. Dietary intake data are available from
the 1994–1996 Continuing Survey of Food Intakes by Individuals. Esti-
mated intakes are based on respondents’ intakes, which were adjusted to
remove within-person variability using the Iowa State University method
(Appendix Table E-2). The EAR for women in this age group is 100 g/day.
Examination of the distribution of usual carbohydrate intake reveals that
intakes at the 1st and 5th percentiles are 87 and 118 g/day, respectively.
Thus, fewer than 5 percent of women in this age group appear to have
inadequate carbohydrate intakes.
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Overestimates of the prevalence of inadequate intakes could result if
the data used are based on intakes that are systematically underreported
or if foods rich in the nutrient of interest are underreported. Such under-
reporting is common in national surveys (Briefel et al., 1997). Currently, a
method for adjusting intakes to compensate for underreporting by indi-
viduals is not available, and much work is needed to develop an acceptable
method. Conversely, underestimates of the prevalence of inadequacy could
result if foods rich in the nutrient of interest were overreported. A more
extensive discussion of potential sources of error in self-reported dietary
data can be found in the report Dietary Reference Intakes: Applications in
Dietary Assessment (IOM, 2000).

Comparison of Assessments Using the Probability Approach and
Biochemical Assessment

If requirement estimates are correct, dietary intake data are reliable
estimates of true usual intake, and biochemical measures reflect the same
functional criterion used to set the requirement of a nutrient for the same
population, then the prevalence of apparently inadequate dietary intakes
and biochemical deficiencies or indicators of inadequacy should be similar.

Using the Recommended Dietary Allowance

The Recommended Dietary Allowances are not useful in estimating
the prevalence of inadequate intakes for groups. As described above, the
EAR should be used for this purpose.

Using the Adequate Intake

In this report Adequate Intakes (AIs) are assigned for all nutrients for
infants through the age of 6 months and reflect the average intake of
infants receiving human milk. Human milk and formulas with the same
nutrient composition as human milk (after adjustment for bioavailability)
provide the appropriate levels of nutrients for full-term infants of healthy,
well-nourished mothers. For infants ages 7 to 12 months, AIs are set for
carbohydrate and n-3 and n-6 polyunsaturated fatty acids and reflect the
average intakes of infants receiving human milk and complementary foods.
Groups of infants consuming formulas with lower levels of nutrients than
that found in human milk may be at some risk of inadequacy, although
the prevalence of inadequacy cannot be quantified.

This report provides AIs for all life stage and gender groups for Total
Fiber and n-3 and n-6 polyunsaturated fatty acids. Groups with median
intakes equal to or above the AI for Total Fiber and n-3 and n-6 poly-
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unsaturated fatty acids can be assumed to have a low prevalence of inade-
quacy (provided that intake variability does not exceed that of the healthy
group used to establish the AI). However, when the AI is not set as a mean
intake of a healthy group (e.g., fiber), confidence in this assessment should
be less than it would be if the AI represents the median intake of a healthy
group. It is important to note that group median intakes below the AI
cannot be assumed to be inadequate.

Using the Tolerable Upper Intake Level

The proportion of the population with usual intakes below the Toler-
able Upper Intake Level (UL) is likely to be at no risk of adverse effects
due to overconsumption. However, the proportion of the population con-
suming above the UL may potentially be at some risk.

The mean intake of a population cannot be used to evaluate the preva-
lence of intakes above the UL. A distribution of usual intakes, including
intakes from supplements, is required to assess the proportion of the popu-
lation that might be at risk of over-consumption. However, if the mean or
median intake is equal to or greater than the UL, it suggests that the
number of individuals with excessive intake is high and warrants further
investigation.

Using the Acceptable Macronutrient Distribution Range

Although primarily directed at individuals, the Acceptable Macronutrient
Distribution Range (AMDR) also permits assessment of populations. By
determining the proportion of the group that falls below, within, and
above the AMDR, it is possible to assess population adherence to recom-
mendations and to determine the proportion of the population that is
outside the range. If significant proportions of the population fall outside
the range, concern could be heightened for possible adverse consequences.
Planning and public health messages can then be instituted to attempt to
attain a low prevalence of intakes below or above the AMDR.

For example, the AMDR for total fat intake of children 4 to 18 years of
age is 25 to 35 percent of energy. Appendix Table E-6 presents data on the
usual daily intake of total fat as a percentage of energy intake and indi-
cates that for all groups of children and adolescents, the 5th percentile of
intake is at least 25 percent. Thus, fewer than 5 percent of children have
intakes below the AMDR for total fat. The 75th percentiles of intake are
close to 35 percent, suggesting that approximately 25 percent of children
and adolescents have intakes above the AMDR for total fat. Intakes of the
remaining 70 to 75 percent fall within the AMDR.
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PLANNING NUTRIENT INTAKES OF INDIVIDUALS

Using the Recommended Dietary Allowance

Individuals should use the Recommended Dietary Allowance (RDA)
as the target for their intakes for those nutrients for which RDAs have
been established. Intakes at this level ensure that the risk to individuals of
not meeting their requirements is very low (2 to 3 percent). For example,
the RDA for protein for adults is 0.8 g/kg/day, or 56 and 46 g/day for
reference men and women weighing 70 kg and 57 kg, respectively. For a
small adult weighing 45 kg, the recommended protein intake would be
36 g/day, while for a larger adult weighing 90 kg, the RDA would be
72 g/day.

Using the Adequate Intake

Adequate Intakes (AIs) are set for infants younger than 7 months of
age for all nutrients, and for all nutrients except protein and indispens-
able amino acids for infants 7 through 12 months of age. Human milk, by
definition, supplies the AI for a nutrient for term infants; it is not neces-
sary to plan additional sources of intake for infants exclusively fed human
milk. Likewise, an infant formula with a nutrient profile similar to human
milk (after adjustment for differences in bioavailability) should supply
adequate nutrients for an infant.

In this report AIs are also set for children, adolescents, and adults for
Total Fiber and n-3 and n-6 polyunsaturated fatty acids. Accordingly, indi-
viduals should use the AI as their goal for intake of these nutrients.

Using the Tolerable Upper Intake Level

Tolerable Upper Intake Levels (Uls) were not set for the macronutrients
covered in this report.

Using the Acceptable Macronutrient Distribution Range

In addition to meeting the RDA or AI and remaining below the UL,
an individual’s intake of macronutrients should be planned so that carbo-
hydrate, total fat, n-3 and n-6 polyunsaturated fatty acids, and protein are
within their respective Acceptable Macronutrient Distribution Ranges.
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PLANNING NUTRIENT INTAKES OF GROUPS

Using the Estimated Average Requirement and the
Tolerable Upper Intake Level

For those nutrients with Estimated Average Requirements (EAR), the
EAR may be used as a basis for planning or making recommendations for
the nutrient intakes of groups. The mean intake of a group should be high
enough so that only a small percentage of the group would have intakes
below the EAR, thus indicating a low prevalence of dietary inadequacy.
The approach to planning for a low prevalence of inadequacy differs
depending on whether or not the distributions of intake and requirements
are normally distributed. Additional details are provided in the forth-
coming Institute of Medicine report on dietary planning.

For example, assume that the goal of planning was to target a 2 to
3 percent prevalence of inadequacy for a nutrient for which both require-
ment and intake distributions were statistically normal. This would be
attained by planning a group mean intake equal to the EAR plus 2 stan-
dard deviations (SD) of the intake distribution. Because the variability of
intakes generally exceeds the variability of requirements, this target group
mean intake will usually exceed the Recommended Dietary Allowance
(which equals the EAR plus 2 SDs of the requirement distribution). Preva-
lence of inadequacy more or less than 2 to 3 percent could also be consid-
ered. Mean intakes needed to attain the desired prevalence would be
estimated by determining the number of SDs of intake added to the EAR
that would result in the desired percentage prevalence below the EAR.
This can be done by consulting tables that list areas under the curve of the
standard normal distribution in relation to SD scores (z-scores).

When the distribution of intakes is skewed (as is true for intakes of
most nutrients), a low prevalence of inadequacy can be attained by plan-
ning to position the intake distribution such that only the targeted propor-
tion is below the EAR. Finally, when it is known that requirements for a
nutrient are not normally distributed and one wants to ensure a low group
prevalence of inadequacy, it is necessary to examine both the intake and
requirement distributions to determine a median intake at which the pro-
portion of individuals with intakes below requirements is likely to be low.

In addition to planning for an acceptably low group prevalence of
intakes below the EAR, the planned distribution also needs to be examined
to ensure that the prevalence of intakes above the Tolerable Upper Intake
Level (UL) is also acceptably low.

Using the EAR and UL in planning intakes of groups involves the
analysis of data and a number of key considerations such as:
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• determination of the current usual nutrient intake distribution of
the group of interest expressed in the same unit as the EAR (e.g., g/day,
g/kg/day, percent of energy);

• selection of the degree of risk that can be tolerated when planning
for the group (e.g., a 2 to 3 percent prevalence versus a higher or lower
prevalence); and

• consideration of various possible interventions to shift the current
distribution, if necessary, to produce an acceptably low prevalence of
intakes below the EAR, as well as an acceptably low prevalence of intakes
above the UL; some targeted interventions may increase the intake of only
those most at risk, while other interventions (e.g., fortification of the food
supply) may increase the intake, to varying degrees, of the majority of the
population.

Using the Adequate Intake in Planning for Groups

As indicated previously, Adequate Intakes (AIs) have been established
for some of the nutrients discussed in this report. Planning a median group
intake that meets the AI should, by definition, be associated with a low
prevalence of inadequacy, if the AI was set as the median intake of a healthy
group and the group being planned for has similar characteristics to the
group used to establish the AI. If the AI was not set as the median intake of
a healthy group (e.g., the AI for Total Fiber), there is less confidence that
the prevalence of inadequacy would be low if the group’s median intake
met the AI.

Using the Acceptable Macronutrient Distribution Range

In addition to ensuring that the group prevalence of intakes below the
EAR or above the UL is acceptably low, an additional goal of planning is to
achieve a macronutrient distribution in which the intakes of most of the
group fall within the Acceptable Macronutrient Distribution Ranges
(AMDRs). There may be a tendency for planners to develop menus and
patterns in which the mean population intakes are at the midpoint of the
AMDRs; this is one method to plan for low prevalence of intakes below or
above the AMDR. For example, a meal program for a university dormitory
might be planned using the midpoint of the ranges for carbohydrate and
fat (for adults, these would be 55 and 28 percent of energy, respectively).
The remaining 17 percent of energy would come from protein. Assess-
ment would be needed to determine whether intakes of most members of
the group fell within the AMDR, or whether interventions were required
to target one end of the distribution (e.g., those with fat intakes above
35 percent). However, planning for the midpoint of a range is not the
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only way that the AMDR can be used to plan for groups. Using the univer-
sity dormitory example, a dietary pattern might be planned in which the
mean intake from fat was 30 percent of energy. Assessment conducted
following implementation of the program might reveal that actual fat
intakes of the students ranged from about 25 percent to about 35 percent
of energy. In other words, the prevalence of intakes outside the acceptable
range is low, despite a mean fat intake that is higher than the midpoint of
the range. While the AMDR can be used as a general quantitative guide-
line for planning and evaluating diets, qualitative considerations, such as a
menu low in saturated fats, may be at least as important as these quantita-
tive guidelines (see Chapter 11).

NUTRIENT-SPECIFIC CONSIDERATIONS

Energy

Planning Energy Intakes for Individuals

The underlying objective of planning for energy is similar to planning
for nutrients—to attain an acceptably low risk of inadequacy and of excess.
The approach to planning for energy, however, differs substantially from
planning for other nutrients. When planning for an individual’s intake of
nutrient such as vitamins and minerals, the goal is a low risk of inadequacy
by meeting the Recommended Dietary Allowance (RDA) or Adequate
Intake (AI), and a low risk of excess by remaining below the Tolerable
Upper Intake Level (UL). Even though intakes at or above the RDA or AI
are almost certainly above an individual’s requirement, there are no
adverse effects to the individual of consuming an intake above his or her
requirement, provided intake remains below the UL; however there are
also no documented benefits.

The situation for energy is quite different. There are adverse effects to
individuals who consume energy above their requirements—over time,
weight gain will occur. This difference is reflected in the fact that there is
no RDA for energy, as it would be inappropriate to recommend an intake
that exceeded the requirement (and would lead to weight gain) of 97 to
98 percent of individuals. The requirement for energy for individuals of
normal weight is expressed as an Estimated Energy Requirement (EER),
which reflects the energy expenditure associated with an individual’s sex,
age, height, weight, and physical activity level.

Equations are presented to estimate an individual’s energy expendi-
ture, with separate equations for normal (body mass index [BMI] > 18.5
and < 25) and overweight (BMI ≥ 25) individuals, as well as for all individuals
with BMI > 18.5 (i.e., including normal, overweight, and obese subjects).
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For overweight individuals, these equations estimate Total Energy Expen-
diture (TEE), rather than the EER, which is reserved for normal weight
individuals. In all cases, however, the equations estimate the energy expen-
diture associated with maintaining current body weight and activity level.
They were not developed, for example, to lead to weight loss in overweight
individuals. However, just as is the case with other nutrients, energy expen-
ditures vary from one individual to another, even though their characteris-
tics may be similar. This variability is reflected in the standard deviation
(SD), which allows for estimation of the range within which the individual’s
energy expenditure could vary. Note that this does not imply that an indi-
vidual would maintain energy balance at any intake within this range; it
simply indicates how variable requirements could be among those with
similar characteristics.

For example, the equation for the EER of women ages 19 years and
older with a BMI > 18.5 and < 25 is:

Energy (kcal) = 354.1 – (6.91 × age [y]) + physical activity coefficient
                              × (9.36 × weight [kg] + 726 × height [m])

The SD is 160 kcal. Therefore, the EER for a normal-weight, 33-year-old
low-active woman (i.e., with a physical activity level (PAL) between 1.4 and
1.59, for whom the physical activity coefficient is 1.12), with a height of
1.63 m and a weight of 55 kg would be:

Energy (kcal) = 354.1 – (6.91 × 33) + 1.12
                                       × (9.36 × 55 + 726 × 1.63) = 2,028

The 95 percent confidence interval for this equation reflects the range
within which a given individual’s energy expenditure likely falls, and in
this example, it would be 2,028 ± (2 × 160), or between 1,708 and
2,348 kcal/day. It must be realized that considerable uncertainties are
inherent in making such predictions, notably because of possible mis-
classification of individuals into the various PAL categories (i.e., sedentary,
low active, active, and very active).

Usual energy intakes are highly correlated with expenditure when con-
sidered over periods of weeks or months. This means that most people
who have access to enough food will, on average, consume amounts of
energy very close to the amounts that they expend, and as a result, main-
tain their weight over extended periods of time. Any changes in weight
that do occur usually reflect small imbalances accumulated over a long
period of time. For normal individuals who are weight-stable, at a healthy
weight, and performing at least the minimal recommended amount of
activity, their energy requirement (and recommended intake) is their usual
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energy intake. Thus, if an individual’s usual energy intake were known, the
plan would be to maintain it rather than use the EER (or if overweight, the
TEE). In many situations, however, the usual energy intake of an indi-
vidual is not known, and the estimated energy requirement equations are
useful planning tools.

Using the EER (or TEE) to Maintain Body Weight. When the goal is to
maintain body weight in an individual with specified characteristics (age,
height, weight, and activity level), an initial estimate for energy intake is
provided by the equation for the energy expenditure of an individual with
those characteristics. By definition, the estimate would be expected to
underestimate the true energy expenditure 50 percent of the time and to
overestimate it 50 percent of the time, leading to corresponding changes
in body weight. This indicates that monitoring of body weight would be
required when implementing intakes based on the equations that predict
individual energy requirements. For example, if subjects were enrolled in
a study in which it was important to maintain body weight, each individual
would be fed the amount of energy estimated to be needed based on the
EER equation. Body weight would be closely monitored over time, and the
amount of energy provided to each individual would be adjusted up or
down from the EER (or TEE) as required to maintain body weight.

Using the EER (or TEE) to Plan to Prevent Weight Loss. In some situa-
tions the goal of planning might be to prevent weight loss in an individual
with specified characteristics. In this situation, the EER or TEE equation
could be used to derive the average energy expenditure for the individual,
and then an amount equal to two times the SD added. This would lead to
an intake that would be expected to exceed the actual energy expenditure
of all but 2 to 3 percent of the individuals with similar characteristics.
Using the above example for the 33-year-old, low-active woman, one would
provide 2,028 + (2 × 160) kcal, or 2,348 kcal. This intake would prevent
weight loss in almost all individuals with similar characteristics. Of course,
this level of intake would lead to weight gain in most of these individuals.

Using the EER (or TEE) to Plan to Prevent Weight Gain. If the goal of
planning is to prevent weight gain in an individual with specified charac-
teristics, the appropriate EER equation could be used to derive the aver-
age energy expenditure for the individual, and then subtract an amount
equal to two times the SD. This would lead to an intake that would be
expected to fall below the actual energy requirements of all but 2.5 per-
cent of the individuals with similar characteristics. Using the above
example for the 33-year-old, low-active woman, the energy requirement
would be 2,028 – (2 × 160) kcal, or 1,708 kcal. This intake would prevent
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weight gain in almost all individuals with similar characteristics. Of course,
this level of intake would lead to weight loss in most of these individuals.

Planning for Energy for Groups

As is true for individuals, the underlying objective in planning the
energy intake of a group is similar to planning intakes for other nutrients—
to attain an acceptably low prevalence of inadequacy and of potential
excess. The approach to planning for energy, however, differs substan-
tially from planning for other nutrients. When the Estimated Average
Requirement (EAR) cut-point method is used to plan for a group’s intake
of nutrients such as vitamins and minerals, a low prevalence of inadequacy
is obtained by positioning the intake distribution such that an acceptably
low proportion of the group has an intake below the EAR. A low preva-
lence of potential risk of excess is obtained by positioning the intake distri-
bution such that an acceptably low proportion of the group has an intake
above the UL. Even though the planned distribution of intakes would
exceed the actual requirements of all but the designated proportion of the
group (in many cases, by a considerable margin), there are no known
adverse effects to the group of consuming vitamins and minerals in amounts
that exceed requirements, provided the proportion above the UL also
remains low.

In the case of energy, however, there are adverse effects for the indi-
viduals in the group whose intakes are above their requirements, as weight
gain is bound to occur over time. Therefore, the EAR cut-point method to
plan for group intakes of energy is clearly inappropriate. In addition, the
assumptions required to apply this method, as well as for the probability
approach, do not hold for energy. Most notably, the methods assume that
intakes are essentially uncorrelated with requirements. In the case of
energy, however, intakes are very highly correlated with requirements.

What, then, can be done to plan for energy intakes of groups? There
are two possible approaches: estimate energy requirements for the refer-
ence person or obtain an average of estimated maintenance energy needs
for group members.

Estimate Energy Requirements for the Reference Person. One approach is
to use the EER for the reference person who represents the group. For
example, to plan for a large group of men ages 19 to 30 years, estimate the
EER for the reference male with a weight of 70 kg and a height of 1.76 m
and who is considered low active, and use this number (~2,700 kcal) as the
target for the group. This approach would require the assumption that all
members of the group were similar to the reference person, or that the
reference individual accurately represented group average values for age,
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TABLE 13-1 Obtaining an Average Estimated Energy
Requirement (EER) for a Group

Physical
Physical Activity

Age Height Weight Activity Level EERa

Subject (y) (m) (kg) Level Coefficient (kcal)

1 21 1.83 95 Sedentary 1.0 2,961
2 27 1.77 75 Low active 1.12 2,811
3 25 1.69 60 Active 1.27 2,794
4 19 1.80 75 Low active 1.12 2,905
5 30 1.73 80 Very active 1.45 3,575
6 25 1.75 75 Low active 1.12 2,818
Mean 24.5 1.76 76.7 — 1.18 2,977

a Energy (kcal) = 661.8 – 9.53 × age (y) + physical activity coefficient × [15.91 × weight
(kg) + 539.6 × height (m)]. Physical activity level coefficient = 1.0 (sedentary), 1.12
(active), 1.45 (very active).

height, weight, and activity level, and that these variables were symmetrically
distributed. If either assumption held, the resulting EER would approxi-
mate the group mean energy requirement.

However, if the assumptions did not hold true, as is likely in many
situations, the estimates would be incorrect. At a practical level, it is likely
that the estimate obtained would be less than the true average energy
expenditure of the group, since for most life stage and gender groups the
reference person weighs less than the average person.

Obtain an Average of Estimated Maintenance Energy Needs for Group
Members. The preferred approach would be to plan for an intake equal to
the average energy expenditure for the group. For example, using the
same group of 19- to 30-year-old men from the previous section, the energy
expenditure for each individual in the group would be estimated (assum-
ing access to data on height, weight, age, and activity level). The average of
these values would be used as the planning goal for maintenance of current
weight and activity level. Table 13-1 shows an example of how this is done
for a small group of six healthy men with a BMI < 25. If the group included
men with a BMI > 25, the equations developed to estimate the Total Energy
Expenditure for overweight individuals would be used for those individuals
with BMI > 25.

In this hypothetical example, the average planned intake exceeds the
EER of five of the men, and is below the EER of one large, very active man
(in a larger, more homogeneous group, the estimate would be expected to
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be inadequate for half the men and above the requirement for the other
half). However, because intakes and expenditures are highly correlated,
and assuming that all members of the group have free access to food, most
members of the group will consume an amount of energy equal to their
expenditure. Thus, planning for an intake that approximates the mean
energy expenditure should allow the group to meet energy needs for
weight maintenance and current activity levels.

Caveats. As with other planning applications, it should be emphasized
that the planning goal is for energy intakes. The above approach requires
the assumption that free access to food is available, that each member of
the group consumes an amount of energy that approximates their indi-
vidual expenditure, and that food is not wasted or spoiled. As with other
planning examples, food waste and to what extent the amount of energy
offered would need to exceed the target median intake need to be consid-
ered. Assessing the plan following its implementation would lead to further
refinements.

Assessing Energy Intakes

As was true for planning, the approach to assessing the adequacy of
energy intakes differs from that described for other nutrients. This arises
in part from theoretical considerations. Perhaps more importantly though,
it is related to the fact that for energy, unlike most nutrients, a readily
observable, accurate biological indicator—body weight—can be used to
assess the long-term adequacy of energy intake. An individual or group
with a BMI above the desirable range reflects long-term excess energy
intake, while the converse is true when BMI is below the desirable range.

The availability of a biological indicator to assess the adequacy of
energy intake becomes particularly critical because of the effect of dietary
underreporting on the assessment of adequacy. It is now widely accepted,
and supported by a large body of literature, that underreporting of food
intake is pervasive in dietary surveys (Black et al., 1993).     Underreporters
can constitute anywhere from 10 to 45 percent of the total sample, depend-
ing on the age, gender, and body composition of the sample. Under-
reporting tends to increase in prevalence as children age (Livingstone et
al., 1992), and is greater among women than among men (Johnson et al.,
1994). Both the prevalence and severity of underreporting is greater among
obese individuals compared with lean individuals (Bandini et al., 1999;
Lichtman et al., 1992; Prentice et al., 1986). In addition, those of low
socioeconomic status (characterized by low incomes, low educational
attainment, and low literacy levels) are more likely to report low energy
intakes (Johnson et al., 1998; Kristal et al., 1997; Pryer et al., 1997). There-
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fore, self-reported energy intakes do not reflect actual energy intakes, and
other methods must be used to determine their adequacy. Relative body
weight (as reflected by BMI) is a preferred indicator of energy adequacy
for individuals and for groups.

Assessing Adequacy of Energy Intakes of Individuals. Theoretically, one
could compare the usual energy intake of an individual to his or her
requirement to maintain current weight and activity level, as estimated
using the equations developed to estimate energy expenditure. However,
as noted above, the EER (or TEE) equation provides an estimate that is
the midpoint of the range within which the expenditure of an individual
with specified characteristics could vary, and the individual’s actual expen-
diture could be considerably above or below the midpoint. Accordingly,
comparing the individual’s intake to the calculated average expenditure is
essentially meaningless. For example, the EER for a 33-year-old, low-active
woman with a height of 1.63 m and a weight of 55 kg would be calculated
at 2,028 kcal, but expenditure for a woman with these characteristics could
vary between 1,708 and 2,348 kcal. If the woman’s actual energy intake
averaged 2,200 kcal, her actual intake could be inadequate, adequate, or
excessive.

BMI, in contrast, provides a useful indicator of the adequacy of usual
energy intake in relation to usual energy expenditure. If the woman in the
above example had a BMI of 22 (i.e., within the healthy range of > 18.5
and < 25), her usual energy intake would be assessed as adequate relative
to her usual expenditure. If her BMI was 17 (below the healthy range),
then she would be assessed as having an inadequate energy intake; if it was
33 (above the healthy range), her intake would be assessed as excessive.

Assessing Adequacy of Energy Intakes of Groups. Instead of assessing the
adequacy of energy intake by comparing reported intakes (which are almost
always affected by considerable underreporting) to estimated expenditure,
relying on BMI as a biological indicator is preferable. The distribution of
BMI within a population group can be assessed, and the proportions of
the group with BMI below, within, and above the desirable range would
reflect the proportions with inadequate, adequate, and excessive energy
intakes. When this approach is applied to body-weight data of adults ages
19 to 50 years obtained in the Continuing Survey of Food Intakes by
Individuals, 59 percent of men and 44 percent of women are found to
have a BMI ≥ 25, reflecting excessive energy intake; 40 percent of men and
52 percent of women have a BMI within the ideal range, reflecting ade-
quacy; and 0.9 percent of men and 4.6 percent of women have a BMI
below 18.5, reflecting inadequacy.
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Although the above discussion refers to the adequacy of energy intake,
it should be reiterated that intake is just one component of energy balance.
Excessive intake must be interpreted as being excessive in relation to energy
expenditure. In many cases, intake may not be excessive in absolute terms;
instead, inadequate energy expenditure may be the primary factor in con-
tributing to long-term positive energy balance. This has important implica-
tions for how this issue is best addressed at the population level. There are
a number of reasons why increased energy expenditure may be a more
appropriate solution than decreased energy intake to long-term positive
energy balance (i.e., overweight). First, restricting energy intake also
decreases the ability to meet requirements of many nutrients. Second,
evidence exists to support the concept that much of the health risk attrib-
uted to an increased BMI is associated with poor fitness. Increasing physical
activity, thereby improving fitness, improves health outcomes of overweight
individuals irrespective of changes in relative weight (Blair et al., 1993, 1995).

Implications of Underreporting for Other Macronutrients. In addition to
the major impact of underreporting on assessment of the adequacy of
energy intake, it also has potential implications for other macronutrients.
If it is assumed that underreporting of macronutrients occurs in propor-
tion to underreporting of energy intake, macronutrients expressed as a
percentage of energy would be relatively accurate. Accordingly, there
would be little impact on the estimated proportions of those whose intakes
fall outside the Acceptable Macronutrient Distribution Ranges (AMDRs)
for carbohydrate, protein, total fat, and n-3 and n-6 polyunsaturated fatty
acids. Underreporting would, however, overestimate the prevalence of
dietary inadequacy for protein, indispensable amino acids, and carbo-
hydrate. Conversely, it has been suggested that underreporting of nutrients
may not occur in proportion to underreporting of energy (IOM, 2000). If,
for example, fat intake is preferentially underreported, this would lead to
an underestimate of the proportion of those whose intakes are above the
upper end of the AMDRs for total fat and for n-3 and n-6 polyunsaturated
fatty acids. It could also lead to an overestimate of the percentage of energy
derived from carbohydrate.

Total Carbohydrate

The Dietary Reference Intakes (DRIs) for total carbohydrate (starches
and sugars) are set in this report as EARs and RDAs, expressed as absolute
amounts (g/day) that support brain glucose utilization. The RDA for carbo-
hydrate (130 g/day) is an average minimum requirement and is lower
than what most North Americans consume (Appendix Table E-2). A UL is
not established for total carbohydrate. Most people can meet their
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requirement for carbohydrate without difficulty by consuming a varied
diet containing breads, rice, other grain products, potatoes, fruits, vege-
tables, milk products, and (in moderate amounts) starch- or sugar-based
snack foods.

As discussed in Chapter 11, to achieve a healthful balance of the macro-
nutrients that supply energy, the AMDR for total carbohydrate is 45 to
65 percent of energy. This range allows for intakes of carbohydrate that
exceeds the RDA of 130 g/day. The carbohydrate content of most U.S.
diets is either less than or within this range (see Appendix Table E-3), but
it is more likely to be within this range if food selections emphasize grains,
fruits, and vegetables prepared with minimal or modest amounts of fat.

Added Sugars

Added sugars are defined as sugars and syrups that are added to foods
during processing or preparation. Major sources of added sugars include
soft drinks, cakes, cookies, pies, fruitades, fruit punch, dairy desserts, and
candy (USDA/HHS, 2000). Specifically, added sugars include white sugar,
brown sugar, raw sugar, corn syrup, corn-syrup solids, high-fructose corn
syrup, malt syrup, maple syrup, pancake syrup, fructose sweetener, anhydrous
dextrose, and crystal dextrose. Since added sugars provide only energy
when eaten alone and lower nutrient density when added to foods, it is
suggested that added sugars in the diet should not exceed 25 percent of
total energy intake. Usual intakes above this level place an individual at
potential risk of not meeting micronutrient requirements. Nutrient data
on added sugars has only recently become available in the U.S. Depart-
ment of Agriculture’s (USDA) Pyramid Servings Database, which includes
data on added sugars for over 7,000 foods. Appendix Table D-1 describes
the Third National Health and Nutrition Examination Survey (NHANES
III) results on the distribution of intakes of added sugar.

To assess the sugar intakes of groups requires knowledge of the distri-
bution of usual added sugar intake as a percent of energy intake. Once this
is determined, the percentage of the population exceeding the maximum
suggested level can be evaluated. Because the criterion for the suggested
maximum intake level of added sugars is the risk of associated inadequate
intakes of micronutrients, such an evaluation would be complemented by
assessing micronutrient intakes, as described in the DRI report for those
nutrients (IOM, 2001) and the report on dietary assessment (IOM, 2000).

Dietary, Functional, and Total Fiber

Dietary Fiber is defined in this report as nondigestible carbohydrates
and lignin that are intrinsic and intact in plants. Functional Fiber is defined
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as isolated, nondigestible carbohydrates that have beneficial physiological
effects in humans. Total Fiber is the sum of Dietary Fiber and Functional Fiber.
Fiber includes viscous forms that lower serum cholesterol concentrations
(i.e., soluble fiber: oat bran, beans) and the bulking agents that improve
laxation (i.e., insoluble fiber: wheat bran). The AI for Total Fiber is 38 and
25 g/day for 19- to 50-year-old men and women, respectively, based on a
reduced risk of coronary heart disease for those within the highest quintiles
of dietary fiber consumption (g/1,000 kcal) in several epidemiological
studies and the median energy intake (Appendix Table E-1). Unlike the
AI for some nutrients, this AI does not describe the median Total Fiber
intake of a healthy population. Instead, it is based on health benefits asso-
ciated with consuming foods that are rich in fiber. Based on CSFII data
(Appendix Table E-4), the median Dietary Fiber intakes are 16.5 to 17.9 g/day
for men and 12.1 to 13.3 g/day for women. Thus, it is evident that to meet
the AI, most people will need to substantially increase their Total Fiber intake.
Usual intakes that meet or exceed the AI can be assumed adequate, but the
likelihood of inadequacy of usual intakes below the AI cannot be determined.

Fiber consumption can be increased by substituting whole grain or
products with added cereal bran for more refined bakery, cereal, pasta,
and rice products; by choosing whole fruits instead of fruit juices; by con-
suming fruits and vegetables without removing edible membranes or peels;
and by eating more legumes, nuts, and seeds. For example, whole wheat
bread contains three times as much Dietary Fiber as white bread, and the
fiber content of a potato doubles if the peel is consumed. The soluble and
insoluble fiber components of 228 U.S. foods have been published by
Marlett and Cheung (1997).

Dietary fiber data are listed for a wide range of foods in the USDA
Nutrient Database for Standard Reference (USDA, 2001). The dietary fiber
values in the USDA database represent Total Fiber (including both dietary
and functional fiber) as defined in this report. For most diets (those that
have not been fortified with Functional Fiber that was isolated and added for
health purposes), the contribution of Functional Fiber is minor relative to
the naturally occurring Dietary Fiber. For example, the Functional Fiber con-
tent for foods such as fat-free yogurts and ice creams that contain added
guar gums and carrageenan is so low that the USDA database generally
indicates zero dietary fiber for these foods. Although the AI is set for Total
Fiber, this AI is generally based upon the fibers present in foods, and until
these terms are further incorporated into nutrient databases, it is appro-
priate to apply the Dietary Fiber data from the USDA database to the AI for
Total Fiber.

Because there is insufficient evidence of deleterious effects of high
Dietary Fiber as part of an overall healthy diet, a Tolerable Upper Intake
Level has not been established.
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Total Fat and n-3 and n-6 Polyunsaturated Fatty Acids

Total Fat

No RDAs or AIs are set for total fat, but an AMDR of 20 to 35 percent
of energy is recommended for adults (Chapter 11). Thus, when planning
diets for individuals, it is necessary to first calculate the individual’s esti-
mated energy expenditure, determine 20 and 35 percent of this number
in kilocalories, and then divide by 9 kcal/g to get the range of fat intake in
grams per day. For example, a person whose energy expenditure was
2,300 kcal/day should aim for an energy intake from fat of 460 to 805 kcal/
day. In grams of total fat, intake should be between 51 and 89 g/day.

Likewise, when assessing fat intakes of individuals, the goal is to deter-
mine if usual energy intake from total fat is between 20 and 35 percent. As
illustrated above, this is a relatively simple calculation assuming both usual
fat intake and usual energy intake are known. However, because dietary
data are typically based on a small number of days of records or recalls, it
may not be possible to state with confidence that a diet is within this range.
As explained in the DRI dietary assessment report (IOM, 2000), an adjust-
ment can be made for the likelihood that these are not representative
days, based on the day-to-day variation in fat intake and the number of
days of dietary data.

When planning fat intakes for groups, the goal is to minimize the
intakes of total fat that are outside the AMDR of 20 to 35 percent of energy
from fat. If planning is for a confined population, a procedure similar to
the one described for individuals may be used: determine the necessary
energy intake from the planned meals and plan for a fat intake that pro-
vides between 20 and 35 percent of this value. If the group is not confined,
then planning intakes is more complex and ideally begins with knowledge
of the distribution of usual energy intake from fat. Then the distribution
can be examined, and feeding and education programs designed to either
increase, or more likely, decrease the percent of energy from fat.

Assessing the fat intake of a group requires knowledge of the distribution
of usual fat intake as a percent of energy intake. Once the distribution is
described, the percent of the population outside the AMDR can be calcu-
lated. For example, Appendix Table E-6 shows that in the CSFII, less than
1 percent of the population was below 20 percent of energy from fat, while
over 50 percent consumed greater than 35 percent of energy from fat.

n-3 and n-6 Polyunsaturated Fatty Acids

n-3 and n-6 Polyunsaturated fatty acids have an AI based on median
intakes of linoleic acid and α-linolenic acid from CFSII, respectively. In
addition to an AI, an AMDR is provided for n-3 and n-6 fatty acids. The
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suggested range is 0.6 to 1.2 percent of energy from n-3 fatty acids and 5 to
10 percent of energy from n-6 fatty acids. Thus, there are several consider-
ations when planning and evaluating n-3 and n-6 fatty acid intakes. Usual
intakes that meet or exceed the AI can be assumed adequate, but the
likelihood of inadequacy of usual intakes below the AI cannot be deter-
mined. Assessing n-3 and n-6 fatty acid intakes of groups against the AMDR
requires knowledge of the distribution of usual fatty acid intake as a per-
centage of energy intake. Once the distribution is described, the percent-
age of the population outside the AMDR can be calculated.

Saturated Fatty Acids, Trans Fatty Acids, and Cholesterol

No RDAs, AIs, or AMDRs are provided for saturated fatty acids, trans
fatty acids, and cholesterol. However, with increasing intakes of either of
these three nutrients, there is an increased risk of coronary heart disease.
Chapter 11 provides some dietary guidance on ways to reduce the intake
of saturated fatty acids, trans fatty acids, and cholesterol. For example,
when planning diets, it is desirable to replace saturated fat with either
monounsaturated or polyunsaturated fats to the greatest extent possible.

Protein and Amino Acids

The EARs and RDAs for protein and amino acids have been expressed
as grams per kilogram per day, the first DRIs to be expressed in this way.
This implies that requirements and recommended intakes vary among indi-
viduals of different sizes, and should be individualized when used for
dietary assessment or planning. The potential implications of this are
discussed below.

Dietary Assessment

For most nutrients for which EARs have been defined, the prevalence
of inadequate intakes can be estimated as the proportion of the distribu-
tion of usual intakes that falls below the EAR using the EAR cut-point
method (IOM, 2000). However, this method requires a number of assump-
tions, including that the individual requirement for the nutrient in
question has a symmetric distribution. As described in Chapter 10, the
distribution of the individual requirement for protein for adults is skewed,
however, this skewing appears to be slight and the EAR cut-point method
is expected to provide a good approximation to prevalence.

However, if more accuracy is needed, the “probability approach” can
be used. This approach has been described elsewhere (IOM, 2000; NRC,
1986), and its application for assessing the prevalence of inadequacy of
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iron intakes has been illustrated (IOM, 2002). The probability approach
for assessing the adequacy of protein intakes is identical to that outlined
for iron, with the simplification that percentiles of protein requirement
can be explicitly calculated from the formula given in Chapter 10 (“RDA
Summary, Ages 19–50 Years”).

Planning the Diet

When planning a diet for an individual, recommended intakes can be
determined on the basis of the individual’s body weight. Although the RDA
for the reference adult male is 56 g/day of protein (based on 0.8 g/kg/day
for a 70-kg person), the recommended intakes for men weighing 60 kg
and 90 kg would be 48 and 72 g/day, respectively.

It should be noted that the DRIs are intended to apply to healthy
individuals. Thus, determining a recommended protein intake based on
current body weight may not be appropriate for those who are signifi-
cantly underweight or overweight. For example, a medical professional
might choose to specify a protein intake for a malnourished, underweight
patient based on what the patient’s body weight would be if he were
healthy. A patient weighing 40 kg, whose body weight when healthy was
55 kg, could thus have a recommended protein intake of 44 g/day (55 kg
× 0.8 g/kg), rather than the 32 g/day that would be determined based on
current weight. Conversely, protein intakes recommended for individuals
who are morbidly obese could be based on the amounts recommended for
those with more normal body weights.

Are Planning and Assessing Intakes of Indispensable
Amino Acids Necessary?

The previous RDAs and Recommended Nutrient Intakes did not include
recommended intakes for indispensable amino acids; it was assumed that
individuals consuming a mixed diet with recommended amounts of pro-
tein would obtain required amounts of indispensable amino acids. In other
words, it was not necessary to assess or plan for intakes of indispensable
amino acids. Now that EARs and RDAs have been provided for indispens-
able amino acids, it is important to re-examine the question: Is it necessary
to consider indispensable amino acids when conducting dietary planning
and assessment, or is it sufficient to consider only total protein?

The simplest scenario for answering this question relates to dietary
planning for individuals. When planning for individuals, the objective is to
meet the RDA, as doing so ensures a very low risk of inadequacy. Thus, do
diets that provide the RDA for protein also provide the RDAs for indis-
pensable amino acids? It appears that this may not necessarily occur, at
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least for the amino acid lysine. Data in Table 13-2 suggest that although
most protein sources provide recommended amounts of threonine,
tryptophan, and sulfur-containing amino acids, this is not true for lysine.
Animal protein sources provide recommended intakes of lysine, but it is
clear that individuals who do not consume animal protein sources, or who
consume limited amounts, would be unlikely to obtain the recommended
amounts of lysine when total protein intake is equal to the RDA, unless
their diets were usually high in beans or other legumes. Even then, diets
could be marginal, as the data in Table 13-2 regarding amino acid compo-
sition do not account for the apparent lower digestibility of some plant
protein sources. Beans, for example, have a digestibility of 82 percent
relative to milk and meat. Thus, it appears that, in addition to assessing
and planning total protein intakes, it is also necessary to assess and plan
for intakes of the amino acid lysine in individuals consuming proteins with
low levels of lysine.

TABLE 13-2 Selected Indispensable Amino Acid Content of
Protein Sources Compared with Recommended Levels

Indispensable Amino Acid (mg/g protein)

Sulfur
Lysine Threonine Tryptophan Amino Acids

Scoring pattern, adult 47 24 6 23
FNB/IOM Recommended 51 27 7 25

Protein Scoring Pattern
(Child 1–3 y)

Canadian diet, 1984 61 38 12 34
U.S. diet, 1977 68 39 12 35

Wheat bread 28a 30 13 39
Garbanzo beans 67 37 10 26a

Beef 83 44 11 37
Cheddar cheese 76 33 12 29
Tofu 66 41 16 27
Brown rice 38a 37 13 35
Almonds 29a 32 15 25a

Peanut butter 36a 34 10 33
Cornmeal 28a 38 7 39

a The amino acid content in these foods is lower than the proportion recommended
for the proper balance of indispensable amino acids in the total diet, based on the
FNB/IOM Recommended Protein Scoring Pattern (Table 10-26). Thus a mixed diet
containing a variety of protein sources is recommended.
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As alluded to above, the need to plan and assess intakes of lysine is
likely of greatest importance for individuals whose diets emphasize plant
foods and are relatively low in total protein. For example, consider a
woman who weighs 57 kg and follows a plant-based diet that provides the
RDA for total protein (in her case, 57 × 0.8 g/kg = 45 g/day). She would
be unlikely to meet her RDA for lysine (2.2 g/day) unless 50 percent or
more of her dietary protein was provided from beans or tofu (rich sources
of lysine). To be specific, 23 g of protein from beans and tofu would
provide about 1.5 g of lysine, and 22 grams of protein from other sources,
such as wheat, rice and nuts, would provide about 0.7 g of lysine. However,
if her total protein intake was higher, (e.g., about 63 g/day, close to the
median protein intake of women reported in the CSFII survey [Appendix
Table E-16]), she could meet her RDA for lysine with much smaller
amounts of beans and tofu.

INTEGRATED EXAMPLE

The preceding discussion illustrates that there are many considerations
involved in dietary assessment and planning for energy and macronutrients.
The example that follows illustrates how these considerations might be
addressed in planning the macronutrient intake of an individual. Let us
assume that the individual is a 35-year-old woman, 1.68 m in height, and
weighing 69 kg. Her job is not physically active, and she does little planned
exercise, so it might appear that activity level would be classified as sedentary.
However, to provide a more reliable indication of her activity level, she
keeps a 7-day record of her activities using a chart similar to that provided
in Chapter 12 (Table 12-3), and this also confirms that she is sedentary.

Energy

Because recommended intakes of at least some nutrients relate to
energy requirements, the first step would be to estimate her energy expen-
diture. Her BMI is 24.4, so the equation for normal-weight adults would be
used. Assuming it was appropriate to maintain her current weight and
activity level, the Estimated Energy Requirement for a woman with her
characteristics would be about 2,000 kcal/day. Of course, her individual
energy expenditure could be above or below this amount, but it provides a
starting point. An additional consideration would be that her current
activity level is less than the recommended of “active.” If her energy needs
were estimated based on being “active,” the estimate would be 2,150 kcal,
and other values listed below would change proportionally.
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Fatty Acids

The AI for n-3 polyunsaturated fatty acid (α-linolenic acid) is 1.1 g/day,
and the AI for n-6 polyunsaturated fatty acid (linoleic acid) is 12 g/day.
Therefore, her diet should provide these levels of fatty acids, which would
provide 9.9 and 108 kcal/day from n-3 and n-6 fatty acids, respectively,
toward her total energy intake. Longer-chain polyunsaturated n-3 (approxi-
mately 10 percent) and n-6 fatty acids can contribute toward this AI.

Protein

The RDA for protein is 0.8 g/kg/day, so her recommended intake
would be 55 g/day (69 kg × 0.8 g/kg), which would provide 220 kcal/day.
In addition, she would need to meet recommended intakes of indispens-
able amino acids, of which lysine is most likely to be limiting. Her recom-
mended lysine intake would be 38 mg/kg/day, or approximately 2.6 g/day.

Carbohydrate and Total Fiber

The RDA for carbohydrate for adult women is 120 g/day, which is
equivalent to 480 kcal/day. More than 120 g/day will probably be needed
to assure adequate energy consumption within the AMDR for carbo-
hydrate. The AI for Total Fiber is 25 g/day and her diet should be planned
to provide for this level of intake. The contribution of Total Fiber to energy
(kcal/g) intake is still unclear.

Energy Distribution

The amount of energy provided by the recommended intakes of es-
sential fatty acids, protein, and carbohydrate totals only 818 kcal/day, yet
her estimated requirement is approximately 2,000 kcal/day. Her energy
intake might be allocated among macronutrients as shown in Table 13-3
for an overall healthy diet.

Because the estimated energy expenditure of 2,000 kcal/day may differ
from actual energy expenditure (and lead to changes in weight that may
not be desirable), her weight should be monitored over time and energy
intake adjusted as appropriate.

SUMMARY

The Dietary Reference Intakes (DRIs) may be used to assess nutrient
intakes as well as to plan nutrient intakes. Box 13-1 summarizes the appro-
priate uses of the DRIs for individuals and groups.
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TABLE 13-3 Example of Macronutrients in a 2,000 kcal Diet

Range Selected Amount
for 2,000 Amount (% for 2,000 Energy for

Nutrient AMDRa (%) kcal (g) of energy) kcal (g) 2,000 kcal

Fat 20–35% 44–78 30 67 g 600 kcal
n-3 PUFAb 0.6–1.2% 1.3–2.7 0.8 1.8 g 16 kcal

(as part of (as part of
total fat) total fat)

n-6 PUFA 5–10% 11–22 7 16 g 144 kcal
(as part of (as part of
total fat) total fat)

Protein 10–35% 50–175 15 75 g 300 kcal
Carbohydrate 45–65% 225–325 55 275 g 1,100 kcal

a AMDR = Acceptable Macronutrient Distribution Range.
b PUFA = polyunsaturated fatty acid.
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BOX 13-1
Uses of Dietary Reference Intakes for Healthy Individuals and Groups

Type of Use For the Individuala   For a Groupb

Assessment

Planning

a Requires accurate measure of usual intake. Evaluation of true status requires clinical, biochemi-
cal, and anthropometric data.
b Requires statistically valid approximation of distribution of usual intakes.
c Requires information on the variability of day-to-day intake and the variability of the require-
ment.
d For the nutrients in this report, AIs are set for infants for all nutrients, and for other age groups
for Total Fiber and for n-3 and n-6 polyunsaturated fatty acids. The AI may be used as a guide for
infants as it reflects the average intake from human milk. Infants consuming formulas with the
same nutrient composition as human milk consume an adequate amount after adjustments are
made for differences in bioavailability. In the context of assessing groups, when the AI for a
nutrient is not based on mean intakes of a healthy population, this assessment is made with less
confidence.
e In the case of energy, an Estimated Energy Requirement (EER) is provided; it is the dietary
energy intake that is predicted (with variance) to maintain energy balance in a healthy adult of
defined age, gender, weight, height, and level of physical activity, consistent with good health. In
children and pregnant and lactating women, the EER is taken to include the needs associated with
the deposition of tissues or the secretion of milk at rates consistent with good health. For individu-
als, the EER represents the midpoint of a range within which an individual’s energy requirement is
likely to vary. As such, it is below the needs of half the individuals with specified characteristics and
exceeds the needs of the other half. Body weight should be monitored and energy intake adjusted
accordingly.

NOTE: RDA = Recommended Dietary Allowance, EAR = Estimated Average Requirement, AI =

Adequate Intake, UL = Tolerable Upper Intake Level.

EARc: Use to examine the prob-
ability that usual intake is inad-
equate.

RDA: Usual intake at or above
this level has a low probability
of inadequacy.

AId: Usual intake at or above
this level has a low probability
of inadequacy.

UL: Intake above this level has
a potential risk of adverse ef-
fects.

EAR: Use to estimate the preva-
lence of inadequate intakes
within a group.

RDA: Do not use to assess in-
takes of groups

AId: Mean usual intake at this
level implies a low prevalence
of inadequate intakes.

UL: Use to estimate the per-
centage of the population at
potential risk of adverse effects
from excess nutrient intake.

RDAe: Aim for this intake.

AId: Aim for this intake.

UL: Use as a guide to limit in-
take; chronic intake of higher
amounts may increase the po-
tential risk of adverse effects.

EARe: Use to plan an intake dis-
tribution with a low prevalence
of inadequate intakes.

AId: Use to plan mean intakes.

UL: Use to plan intake distribu-
tions with a low prevalence of
intakes potentially at risk of ad-
verse effects.
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14
A Research Agenda

The Panel on Macronutrients and the Standing Committee on the
Scientific Evaluation of Dietary Reference Intakes were charged with devel-
oping a research agenda to provide a basis for public-policy decisions
related to recommended intakes of energy, fat, carbohydrate, and protein.
This chapter describes the approach used to develop the research agenda,
briefly summarizes gaps in knowledge, and presents a prioritized research
agenda. Sections at the end of Chapters 5 through 10 and Chapter 12
presented prioritized lists of research topics.

APPROACH

The following approach resulted in the research agenda identified in
this chapter.

1. Identify gaps in knowledge to understand the role of macronutrients
in human health, functional and biochemical indicators to assess macro-
nutrient requirements, methodological problems related to the assessment
of intake of these macronutrients and to the assessment of adequacy of
intake, relationships of nutrient intake to chronic disease, and adverse
effects of macronutrients.

2. Examine data to identify major discrepancies between intake and
recommended intakes and consider possible reasons for such discrepancies.

3. Consider the need to protect individuals with extreme or distinct
vulnerabilities due to genetic predisposition or disease conditions.

4. Weigh the alternatives and set priorities based on expert judgment.
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MAJOR KNOWLEDGE GAPS

Requirements

To derive an Estimated Average Requirement (EAR), the criterion
must be known for a particular status indicator or combination of indicators
that is consistent with impaired status as defined by some clinical conse-
quence. For some of the macronutrients considered in this report, such as
n-6 and n-3 polyunsaturated fatty acids, there is a dearth of information on
the biochemical values that reflect abnormal function. A priority should
be to determine if there is a correlation between existing status indicators
and clinical endpoints in the same subjects. For some macronutrients,
such as indispensable amino acids, more data are needed using clinical
endpoints or intermediate endpoints of impaired function to determine
their requirements in regard to long-term health. For determining energy
requirements, more information is needed on the form, frequency, inten-
sity, and duration of exercise that is consistent with a healthy body weight
for all age groups. The number of doubly labeled water studies for the
determination of total energy expenditure in certain life stage and gender
categories is limited and should be expanded.

For many of the essential macronutrients, useful data are seriously
lacking for setting requirements for infants, children, adolescents, preg-
nant and lactating women, and the elderly. As an example, more information
is needed on the role of n-3 polyunsaturated fatty acids in the neuro-
development of term infants. Studies should use graded levels of nutrient
intake and a combination of response indexes, and they should consider
other points raised above. For some of the macronutrients, studies should
examine whether the requirement varies substantially by trimester of preg-
nancy. Data are lacking about gender issues with respect to metabolism
and requirements of macronutrients.

Methodology

For some macronutrients, serious limitations exist in the methods avail-
able to analyze laboratory values indicative of energy balance and macro-
nutrient status. For instance, biological markers of risk of excess weight gain
in children and young adults are needed, as are the standardization and
validation of indicators in relation to functional outcome. As an example, to
better understand the relationship between fiber and colon cancer, there
needs to be increased validation of intermediate markers such as polyp
recurrence and the assessment of functional markers (e.g., fecal bulk) of
fiber intake. These methodological limitations have slowed progress in con-
ducting or interpreting studies of energy and macronutrient requirements.
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Potential sources of error in self-reported intake data include under-
reporting of portion sizes and frequency of intake, omission of foods, and
inaccuracies related to the use of food composition tables. It is not possible
to adjust intakes based on underreporting, and much work is needed to
develop an acceptable method to do so. Reliable methods to track dietary
energy intakes of populations need to be developed. Furthermore, expan-
sion and revision of food composition tables are needed to allow for
further understanding of the relationship between macronutrient intake
and health. As an example, a comprehensive database for the trans fatty
acid content and glycemic index of foods consumed in North America is
needed.

Relationships of Intake to Chronic Disease

There are major gaps in knowledge linking the intake of some macro-
nutrients and the prevention and retardation of certain chronic diseases
common in North America. Because the relationship between macronutrient
intake and risk of chronic disease is a trend, it is difficult to ascertain the
optimal range of intake for each macronutrient. Long-term, multi-dose
clinical trials are needed to ascertain, for instance, the optimal range of
total, saturated, and unsaturated fatty acids intake to best prevent chronic
diseases such as coronary heart disease, obesity, cancer, and diabetes.
Dose–response studies are also needed to determine the intake level of
fiber to promote optimum laxation. To resolve whether or not fiber is
protective against colon cancer in individuals or a subset of individuals,
genotyping and phenotyping of individuals in fiber/colon cancer trials is
needed. Long-term clinical trials are needed to further understand the
role of glycemic index in the prevention of chronic disease.

Adverse Effects

There is a body of evidence to suggest that high intakes of total fat,
saturated fatty acids, trans fatty acids, and cholesterol increase the risk of
adverse health effects (e.g., elevated low-density lipoprotein [LDL] choles-
terol concentration); however, a Tolerable Upper Intake Level could not
be established for any of the fats or cholesterol because of the linear trend
that often exists between intake and degree of adverse effect. Therefore,
more clinical research is needed to ascertain clearly defined intake levels
at which significant risk can occur for adverse health effects. In addition,
further information is needed on the various factors that contribute to the
wide inter-individual variation in LDL cholesterol response to dietary
cholesterol. There is some animal data to suggest that high intakes of n-6
polyunsaturated fatty acids can increase the risk of certain types of cancer.
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This information is lacking in humans and is much needed. Research is
needed to identify intake levels at which adverse effects begin to occur
with the chronic consumption of high levels of protein and of the
long-chain n-3 polyunsaturated fatty acids: eicosapentaenoic acid and
docosahexaenoic acid.

THE RESEARCH AGENDA

Four major types of information gaps were noted: (1) a lack of data
designed specifically to estimate average requirements in presumably
healthy humans, (2) a lack of data on the nutrient needs of infants,
children, adolescents, the elderly, and pregnant women, (3) a lack of multi-
dose, long-term studies to determine the role of macronutrients in reduc-
ing the risk of certain chronic diseases, and (4) a lack of studies designed
to detect adverse effects of chronic high intakes of these nutrients.

Highest priority is given to research that has the potential to prevent
or retard human disease processes and to prevent deficiencies with func-
tional consequences. The following five areas for research were assigned
the highest priority (other research recommendations are found at the
ends of Chapters 5 through 10 and Chapter 12):

• Dose–response studies to help identify the requirements of macro-
nutrients that are essential in the diet (e.g., indispensable amino acids and
n-6 and n-3 polyunsaturated fatty acids) for all life-stage and gender groups.
It is recognized that it is not possible to identify a defined intake level of
fat for optimal health; however, it is recognized that further information is
needed to identify acceptable ranges of intake for fat, as well as for protein
and carbohydrate based on prevention of chronic disease and optimal
nutrition;

• Studies to further understand the beneficial roles of Dietary and
Functional Fibers in human health;

• Information on the form, frequency, intensity, and duration of
exercise that is successful in managing body weight in children and adults;

•  Long-term studies on the role of glycemic index in preventing
chronic diseases, such as diabetes and coronary heart disease, in healthy
individuals, and;

• Studies to investigate the levels at which adverse effects occur with
chronic high intakes of carbohydrate, fiber, fat, and protein. For nutrients
such as saturated fatty acids, trans fatty acids, and cholesterol, biochemical
indicators of adverse effects can occur at very low intakes. Thus, more
information is needed to ascertain defined levels of intakes at which
relevant health risks may occur.
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A
Glossary and Acronyms

AAP American Academy of Pediatrics

Accommodation An adaptative response that allows survival, but at the
expense of some more or less serious consequences
on health or physiological function

Action Demonstrated effects in various biological systems that
may or may not have physiological significance

Adaptation Maintenance of essentially unchanged functional capacity
despite some alterations in steady-state conditions

Adverse effect Any significant alteration in the structure or function
of the human organism, or any impairment of a physi-
ologically important function, that could lead to an
adverse health effect

AI Adequate Intake

AMDR Acceptable Macronutrient Distribution Range

Association Potential interaction derived from epidemiological
studies of the relationship between a specific nutrient
and chronic disease

BEE Basal energy expenditure

Bioavailability Accessibility of a nutrient to participate in unspecified
metabolic or physiological processes
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BMI Body mass index

BMR Basal metabolic rate

CHD Coronary heart disease

CSFII Continuing Survey of Food Intakes by Individuals—a
survey conducted by the Agricultural Research Service,
U.S. Department of Agriculture

CV Coefficient of variation—standard deviation divided
by the square root of n, where n is the sample size

CVD Cardiovascular disease

DHA Docosahexaenoic acid

DLW Doubly labeled water

Dose–response Second step in a risk assessment, in which the realtion-
assessment ship between nutrient intake and adverse effect (in terms

of incidence or severity of the effect) is determined

DRI Dietary Reference Intake

EAR Estimated Average Requirement

EEPA Energy expenditure of physical activity

EER Estimated energy requirement

EPA Eicosapentaenoic acid

EPOC Excess post-exercise oxygen consumption

Erythrocyte A red blood cell

FAO Food and Agriculture Organization of the United
Nations

FASEB Federation of American Societies for Experimental
Biology

FDA Food and Drug Administration

FFA Free fatty acids

FFM Fat-free mass

FM Fat mass

FNB Food and Nutrition Board

FQ Food quotient
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Function Role played by a nutrient in growth, development,
and maturation

Hazard First step in a risk assessment, which is concerned
identification with the collection, organization, and evaluation of

all information pertaining to the toxic properties of a
nutrient

HDL High density lipoprotein

IAEA International Atomic Energy Agency

IARC International Agency for Research on Cancer

IM Intramuscular

IOM Institute of Medicine

IPCS International Programme on Chemical Safety

Lacto-ovo- A person who consumes milk (lacto), eggs (ovo), and
vegetarian plant foods and products, but no meat

LBM Lean body mass

LDL Low density lipoprotein

LOAEL Lowest-observed-adverse-effect level—the lowest intake
(or experimental dose) of a nutrient at which an adverse
effect has been identified

LSRO Life Sciences Research Office

MET Metabolic equivalent—a rate of energy expenditure
sustained by a rate of oxygen consumption of 3.5 ml/kg
of body weight/min

MI Myocardial infarction

NHANES National Health and Nutrition Examination Survey—
a survey conducted periodically by the National Center
for Health Statistics, Centers for Disease Control and
Prevention

NOAEL No-observed-adverse-effect level—the highest intake
(or experimental dose) of a nutrient at which no adverse
effect has been observed

NRC National Research Council

OTA Office of Technology Assessment
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PAI Physical activity index

PAL Physical activity level

RDA Recommended Dietary Allowance

REE Resting energy expenditure

Risk assessment Organized framework for evaluating scientific infor-
mation, which has as its objective a characterization
of the nature and likelihood of harm resulting from
excess human exposure to an environmental agent
(in this case, a nutrient); it includes the development
of both qualitative and quantitative expressions of risk

Risk Final step in a risk assessment, which summarizes the
characterization conclusions from steps 1 through 3 of the assessment

(hazard identification, dose–response, and estimate of
exposure) and evaluates the risk; this step also includes
a characterization of the degree of scientific confidence
that can be placed in the Tolerable Upper Intake
Level

Risk management Process by which risk assessment results are integrated
with other information to make decisions about the
need for, method of, and extent of risk reduction; in
addition, risk management considers such issues as
the public health significance of the risk, the technical
feasibility of achieving various degrees of risk control,
and the economic and social costs of this control

RMR Resting metabolic rate

RNA Ribonucleic acid

RNI Recommended Nutrient Intake

RQ Respiratory quotient

SD Standard deviation

SDA Specific dynamic action

SE Standard error

SEM Standard error of the mean

SMR Sleeping metabolic rate

TEE Total energy expenditure
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TEF Thermic effect of food

UF Uncertainty factor—the number by which the no-
observed-adverse-effect level (or lowest-observed-
adverse-effect level) is divided to obtain the Tolerable
Upper Intake Level; the size of the UF varies depend-
ing on the confidence in the data and the nature of
the adverse effect

UL Tolerable Upper Intake Level

USDA U.S. Department of Agriculture

VLDL Very low density lipoprotein

WHO World Health Organization
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B
Origin and Framework of the

Development of Dietary
Reference Intakes

This report is the sixth in a series of publications resulting from the
comprehensive effort being undertaken by the Food and Nutrition Board’s
(FNB) Standing Committee on the Scientific Evaluation of Dietary Refer-
ence Intakes (DRI Committee) and its panels and subcommittees.

ORIGIN

This initiative began in June 1993, when FNB organized a symposium
and public hearing entitled, “Should the Recommended Dietary Allow-
ances Be Revised?” Shortly thereafter, to continue its collaboration with
the larger nutrition community on the future of the Recommended Dietary
Allowances (RDAs), FNB took two major steps: (1) It prepared, published,
and disseminated the concept paper, “How Should the Recommended
Dietary Allowances Be Revised?” (IOM, 1994), which invited comments
regarding the proposed concept, and (2) It held several symposia at
nutrition-focused professional meetings to discuss FNB’s tentative plans
and to receive responses to the initial concept paper. Many aspects of the
conceptual framework of the DRIs came from the United Kingdom’s report,
Dietary Reference Values for Food Energy and Nutrients for the United Kingdom
(COMA, 1991).

The five general conclusions presented in FNB’s 1994 concept paper
were:

1. Sufficient new information has accumulated to support a reassess-
ment of the RDAs.
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2. Where sufficient data for efficacy and safety exist, reduction in the
risk of chronic degenerative disease is a concept that should be included
in the formulation of future recommendations.

3. Upper levels of intake should be established where data exist regarding
risk of toxicity.

4. Components of food that may benefit health, although not meeting
the traditional concept of a nutrient, should be reviewed, and if adequate
data exist, reference intakes should be established.

5. Serious consideration must be given to developing a new format for
presenting future recommendations.

Subsequent to the symposium and the release of the concept paper,
FNB held workshops at which invited experts discussed many issues related
to the development of nutrient-based reference values. (FNB members
have continued to provide updates and engage in discussions at profes-
sional meetings.) In addition, FNB gave attention to the international uses
of the earlier RDAs and the expectation that the scientific review of nutrient
requirements should be similar for comparable populations.

Concurrently, Health Canada and Canadian scientists were reviewing
the need for revision of the Recommended Nutrient Intakes (RNIs) (Health
Canada, 1990). Consensus following a symposium for Canadian scientists,
cosponsored by the Canadian National Institute of Nutrition and Health
Canada in April 1995, was that the Canadian government should pursue
the extent to which involvement with the developing FNB process would
benefit both Canada and the United States in leading toward harmonization.

Based on extensive input and deliberations, FNB initiated action to
provide a framework for the development and possible international
harmonization of nutrient-based recommendations that would serve,
where warranted, for all of North America. To this end, in December
1995, FNB began a close collaboration with the government of Canada
and took action to establish the DRI Committee. It is hoped that represen-
tatives from Mexico will join in future deliberations.

THE CHARGE TO THE COMMITTEE

In 1995, the DRI Committee was appointed to oversee and conduct
this project. It devised a plan involving the work of seven or more expert
nutrient group panels and two overarching subcommittees (Figure B-1).
The process described below for this report is expected to be used for
subsequent reports.

The Panel on Dietary Reference Intakes for Macronutrients (Macro-
nutrients Panel) was to (1) review the scientific literature regarding dietary
macronutrients (protein, amino acids, fat and individual fatty acids,



980 DIETARY REFERENCE INTAKES

phospholipids, cholesterol, complex carbohydrates, simple sugars, dietary
fiber, energy intake, and energy expenditure) to determine the roles, if
any, they play in health; (2) review selected components of food that may
influence the bioavailability of these compounds; (3) develop estimates of
dietary intake of these compounds that are compatible with good nutri-
tion throughout the lifespan and that may decrease risk of chronic disease
where data indicate they play a role; (4) determine Tolerable Upper Intake
Levels (ULs) for each compound where scientific data are available in
specific population subgroups; and (5) identify research needed to
improve the knowledge of the role of macronutrients in health.  This was
in coordination with a separate panel that was formed to review existing
and proposed definitions of dietary fiber and propose a definition that
could be of use in regulatory and other areas, and could serve as a basis for
the review of dietary fiber by the Macronutrients Panel.

The Macronutrients Panel was charged with analyzing the literature,
evaluating possible criteria or indicators of adequacy, and providing sub-
stantive rationales for their choices of each criterion. Using the criterion
chosen for each stage of the lifespan, the panel estimated the average
requirement for each nutrient or food component reviewed, assuming
that adequate data were available. As the panel members reviewed data on
ULs, they also interacted with the Subcommittee on Upper Reference
Levels of Nutrients (UL Subcommittee), which assisted the panel in apply-
ing the risk assessment model to each selected nutrient. The DRI values in

FIGURE B-1 Dietary Reference Intakes project structure.
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this report are a product of the joint efforts of the DRI Committee, the
Macronutrients Panel, the UL Subcommittee, and the Subcommittee on
Interpretation and Uses of Dietary Reference Intakes.

ISSUES OF RELEVANCE FROM PAST DIETARY REFERENCE
INTAKE REPORTS

Methodology to Develop Estimated Average Requirements and
Recommended Dietary Allowances When Requirements for

Nutrients Are Not Normally Distributed

For most of the nutrients for which Estimated Average Requirements
(EARs) have been established, the required assumption of distribution of
requirements is that of symmetry about the mean.  In the case of iron, a
nutrient of concern in many subgroups in the population in the United
States, Canada, and other areas, requirements are known to follow a non-
normal distribution.  Thus, a different method was needed to determine
the intake of iron at which half of the individuals would be expected to be
inadequate in the criterion used to establish adequacy (the EAR), and also
to construct an intake level at which only a small percentage of the popula-
tion would be inadequate (the Recommended Dietary Allowance [RDA]).

If the requirement of a nutrient is not normally distributed but can be
transformed to normality, its EAR and RDA can be estimated by trans-
forming the data, calculating the 50th and 97.5th percentiles, and trans-
forming these percentiles back into the original units. In this case, the
difference between the EAR and the RDA cannot be used to obtain an
estimate of the standard deviation of the coefficient of variation because
skewing is usually present.

Where factorial modeling is used to estimate the distribution of require-
ment from the distributions of the individual components of requirement,
as was done in the case of iron recommendations (IOM, 2001), it is necessary
to add the individual distributions (convolutions). This is easy to do given
that the average requirement is simply the sum of the averages of the
individual component distributions, and a standard deviation of the com-
bined distribution can be estimated by standard statistical techniques. The
97.5th percentile can then be estimated (for a further elaboration of this
method, see Chapter 9 and Appendix I of Dietary Reference Intakes for Vitamin A,
Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese,
Molybdenum, Nickel, Silicon, Vanadium, and Zinc [IOM, 2001]).

If normality cannot be assumed for all of the components of require-
ment, then Monte Carlo simulation is used for the summation of the
components. This approach models the distributions of the individual dis-
tributions and randomly assigns values to a large simulated population.
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The total requirement is then calculated for each individual and the median
and the 97.5th percentile are calculated directly. As was the case for iron
(IOM, 2001), the underlying joint distribution is approximated and a large
number of individuals (100,000) are randomly generated. Information
about the distribution of values for the requirement components is modeled
on the basis of known physiology. Monte Carlo approaches may be used in
the simulation of the distribution of components; where large data sets
exist for similar populations (data sets such as growth rates in infants),
estimates of relative variability may be transferred to the component in the
simulated population (Gentle, 1998). At each step, the goal is to achieve
distribution values for the component that not only reflect known physiology
or known direct observations, but also can be transformed into a distribu-
tion that can be modeled and used in selecting random members to con-
tribute to the final requirement distribution. When the final distribution
representing the convolution of components has been derived, then the
median and 97.5th percentiles of the distribution can be directly estimated.
It is recognized that in its simplest form, the Monte Carlo approach ignores
possible correlation among components. In the case of iron, however,
expected correlation is built into the modeling of requirement where com-
ponents are linked to a common variable (e.g., growth rate) so that not all
sources of correlation are neglected.

Reference Heights and Weights Used in Extrapolating Dietary
Reference Intakes for Vitamins and Elements

The most up-to-date data providing heights and weights of individuals
in the United States and Canada when the DRI process was initiated in
1995 were limited to anthropometric data from the 1988–1994 Third
National Health and Nutrition Examination Survey (NHANES III) in the
United States, and older data from Canada. Reference values derived from
the NHANES III data and used in previous reports are given in Table B-1.
Given the increasing prevalence of overweight and obesity in both adults
and children (HHS, 1996), use of such population data is of concern.
Thus, recent data providing heights and ideal body mass indexes (BMIs)
for adults (Kuczmarski et al., 2000) and new growth charts for infants and
children have allowed the development of new reference heights and
weights in this report that should more closely approximate ideal weights
based on low risk of chronic disease and adequate growth for children.
These new values are used in this report when reference values are needed
and are discussed in Chapter 1 (see Table 1-1).

The earlier values were obtained as follows:  the median heights for
the life stage and gender groups through age 30 years were identified, and
the median weights for these heights were based on reported median BMIs
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for the same individuals. Since there is no evidence that weight should
change as adults age if activity is maintained, the reference weights for
adults ages 19 through 30 years were applied to all adult age groups.

The most recent nationally representative data available for Canadians
(from the 1970–1972 Nutrition Canada Survey [Demirjian, 1980]) were
also reviewed. In general, median heights of children from 1 year of age in
the United States were greater by 3 to 8 cm (1 to 2.5 in) than those of
children of the same age in Canada measured two decades earlier
(Demirjian, 1980). This difference could be partly explained by approxi-
mations necessary to compare the two data sets, but more likely by a con-
tinuation of the secular trend of increased heights for age noted in the
Nutrition Canada Survey when it compared data from that survey with an
earlier (1953) national Canadian survey (Pett and Ogilvie, 1956).

Similarly, median weights beyond age 1 year derived from the recent
survey in the United States (NHANES III, 1988–1994) were also greater
than those obtained from the older Canadian survey (Demirjian, 1980).
Differences were greatest during adolescence, ranging from 10 to 17 per-
cent higher. The differences probably reflect the secular trend of earlier
onset of puberty (Herman-Giddens et al., 1997), rather than differences in
populations. Calculations of BMI for young adults (e.g., a median of 22.6
for Canadian women compared with 22.8 for U.S. women) resulted in

TABLE B-1 Reference Heights and Weights for Children and
Adults in the United States Used in the Vitamin and Element
Dietary Reference Intake Reportsa

Median Body Reference Reference
Mass Index Height, Weightb

Sex Age (kg/m2) cm (in) kg (lb)

Male, female 2–6 mo — 64 (25) 7 (16)
7–12 mo — 72 (28) 9 (20)
1–3 y — 91 (36) 13 (29)
4–8 y 15.8 118 (46) 22 (48)

Male 9–13 y 18.5 147 (58) 40 (88)
14–18 y 21.3 174 (68) 64 (142)
19–30 y 24.4 176 (69) 76 (166)

Female 9–13 y 18.3 148 (58) 40 (88)
14–18 y 21.3 163 (64) 57 (125)
19–30 y 22.8 163 (64) 61 (133)

a IOM (1997, 1998, 2000a, 2000b, 2001). Adapted from the Third National Health and
Nutrition Examination Survey, 1988–1994.
b Calculated from body mass index and height for ages 4 through 8 years and older.
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similar values, thus indicating greater concordance between the two surveys
by adulthood.

The reference weights used in the previous DRI reports (IOM, 1997,
1998, 2000a, 2000b, 2001) were thus based on the most recent data set
available from either country, with recognition that earlier surveys in Canada
indicated shorter stature and lower weights during adolescence than did
surveys in the United States.
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D
Dietary Intake Data from the

Third National Health and
Nutrition Examination Survey

(NHANES III), 1988–1994

TABLE D-1 Mean and Percentiles for Usual Daily Intake of
Added Sugars (tsp), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–3 y 2,174 13.2 0.4 1.8 3.4
Both sexes, 4–8 y 3,448 19.3 9.3 11.7 13.1

Standard error 0.4 2.2 1.9 1.6
M, 9–13 y 1,219 28.6 16.8 19.7 21.4

Standard error 0.9 0.6 0.7 0.7
M, 14–18 y 909 36.9 15.5 20.5 23.4

Standard error 1.4 13.8 11.1 9.3
M, 19–30 y 1,902 31.5 10.7 15.3 18.1

Standard error 0.8 2.6 2.4 2.1
M, 31–50 y 2,533 25.4 3.5 6.9 9.5
  Standard error 0.7 0.6 0.7 0.8
M, 51–70 y 1,942 18.0 3.1 5.5 7.2
  Standard error 0.6 0.6 0.6 0.6
M, 71+ y 1,255 14.3 3.9 5.8 7.1
  Standard error 0.5 0.8 0.8 0.8
F, 9–13 y 1,216 21.9 9.3 12.1 13.8
  Standard error 0.7 1.7 1.5 1.3
F, 14–18 y 949 25.4 9.0 12.6 14.8
  Standard error 1.2 5.5 4.8 4.2
F, 19–30 y 1,901 22.3 4.8 8.0 10.2
  Standard error 0.7 1.4 1.6 1.4
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25th 50th 75th 90th 95th 99th

6.8 10.9 17.7 25.3 30.9 45.5
15.6 18.9 22.4 26.0 28.3 33.0

1.1 0.4 0.9 2.0 2.7 4.3
24.5 28.2 32.3 36.3 38.9 44.1

0.8 0.9 1.1 1.2 1.4 1.7
28.9 35.7 43.5 51.8 57.3 69.1

6.0 1.9 4.5 10.6 14.9 24.4
23.5 30.3 38.1 46.4 51.9 63.6

1.6 0.9 1.4 2.9 4.1 7.0
15.0 22.8 33.0 44.2 52.2 70.9

0.7 0.7 0.9 1.6 2.3 4.6
10.8 16.2 23.2 31.2 36.8 49.2

0.6 0.6 0.7 1.1 1.5 2.9
9.7 13.3 17.8 22.7 26.0 33.1
0.6 0.4 0.7 1.5 2.1 3.5

17.0 21.1 25.9 30.9 34.3 41.6
1.1 0.8 1.1 1.8 2.5 4.2

18.9 24.3 30.6 37.3 41.8 51.4
2.9 1.4 2.5 5.5 7.8 13.3

14.6 20.8 28.4 36.6 42.1 53.9
1.1 0.7 1.1 2.0 2.9 4.8

continued
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F, 31–50 y 2,939 17.3 2.6 4.9 6.6
  Standard error 0.5 0.3 0.5 0.4
F, 51–70 y 2,065 12.8 2.5 4.2 5.3
  Standard error 0.7 0.4 0.5 0.5
F, 71+ y 1,368 10.5 2.1 3.5 4.5
  Standard error 0.3 0.3 0.3 0.3
Pregnant 346 21.0 5.5 8.6 10.6
  Standard error 1.1 3.5 3.3 3.0
Lactating 99 19.7 12.0 14.0 15.1
  Standard error 2.7 1.8 2.0 2.0
Pregnant/lactating 440 21.2 4.9 8.1 10.2
  Standard error 1.0 3.6 3.5 3.2
All individuals 25,820 21.1 4.0 6.9 8.9
  Standard error 0.3 0.2 0.3 0.3
All individuals (+P/L) 26,260 21.1 4.0 6.9 8.9
  Standard error 0.3 0.3 0.3 0.3

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distribution for children 2–3 years of age is unad-
justed. The mean and percentiles for this group were computed using SAS PROC
UNIVARIATE. For all other groups, data were adjusted using the Iowa State University
method. Mean, standard errors, and percentiles were obtained using C-Side. Standard
errors were estimated via jackknife replication. Each standard error has 49 degrees of
freedom. Infants and children fed human milk and females who had “blank but appli-
cable” pregnancy and lactating status data or who responded “I don’t know” to ques-
tions on pregnancy and lactating status were excluded from all analyses. Females who

TABLE D-1 Continued

Percentile

Sex/Age Categorya n Mean 1st 5th 10th



APPENDIX D 991

were both pregnant and lactating were included in both the Pregnant and Lactating
categories. The sample sizes for the Pregnant and Lactating categories were very small
so their estimates of usual intake distributions are not reliable.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics and National Cancer Institute’s Pyramid Servings Database for
NHANES III.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.

10.4 15.7 22.5 29.8 34.9 47.0
0.4 0.5 0.6 0.8 1.0 2.9
7.8 11.5 16.3 21.7 25.3 34.4
0.4 0.6 1.3 1.8 1.5 3.3
6.6 9.7 13.4 17.6 20.6 27.5
0.3 0.3 0.4 0.8 1.1 2.1

14.5 19.7 26.1 33.1 38.0 48.4
2.2 1.2 2.2 4.5 6.4 10.8

17.2 19.5 22.0 24.4 25.8 28.7
2.2 2.6 3.2 4.0 4.7 6.2

14.3 19.8 26.6 34.1 39.2 50.5
2.4 1.4 1.9 4.4 6.6 12.1

13.1 19.2 27.0 35.8 41.9 55.3
0.3 0.3 0.4 0.6 0.8 1.3

13.1 19.1 27.0 35.8 42.0 55.4
0.3 0.3 0.4 0.6 0.8 1.3

25th 50th 75th 90th 95th 99th
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TABLE D-2 Mean and Percentiles for Usual Daily Intake of
Alanine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.72 0.20 0.30 0.40
Both sexes, 7–12 mo 827 1.32 0.40 0.50 0.60
Both sexes, 1–3 y 3,309 2.19 0.50 0.90 1.10
Both sexes, 4–8 y 3,448 2.82 1.75 2.01 2.16

Standard error 0.04 0.60 0.47 0.39
M, 9–13 y 1,219 3.73 1.90 2.34 2.59
  Standard error 0.08 0.24 0.20 0.17
M, 14–18 y 909 4.68 2.25 2.81 3.15
  Standard error 0.13 0.70 0.59 0.51
M, 19–30 y 1,902 5.27 2.94 3.50 3.82
  Standard error 0.13 0.11 0.14 0.15
M, 31–50 y 2,533 4.88 2.54 3.10 3.43
  Standard error 0.09 0.26 0.24 0.22
M, 51–70 y 1,942 4.24 1.75 2.33 2.67
  Standard error 0.08 0.12 0.11 0.10
M, 71+ y 1,255 3.49 1.51 1.97 2.24
  Standard error 0.06 0.14 0.12 0.11
F, 9–13 y 1,216 2.99 2.04 2.29 2.43
  Standard error 0.07 0.60 0.47 0.39
F, 14–18 y 949 2.91 0.96 1.40 1.67
  Standard error 0.09 0.17 0.15 0.13
F, 19–30 y 1,901 3.16 1.63 1.99 2.20
  Standard error 0.08 0.26 0.22 0.19
F, 31–50 y 2,939 3.23 1.78 2.14 2.34
  Standard error 0.05 0.21 0.18 0.15
F, 51–70 y 2,065 2.92 1.37 1.74 1.95
  Standard error 0.04 0.10 0.09 0.08
F, 71+ y 1,368 2.62 1.19 1.53 1.73
  Standard error 0.05 0.14 0.12 0.10
Pregnant 346 3.76 2.18 2.57 2.79
  Standard error 0.18 0.14 0.17 0.18
Lactating 99 4.40 3.07 3.43 3.63
  Standard error 0.25 0.19 0.21 0.22
Pregnant/lactating 440 3.91 2.29 2.70 2.94
  Standard error 0.15 0.12 0.13 0.13
All individuals 28,575 3.63 1.30 1.79 2.08
  Standard error 0.04 0.05 0.05 0.04
All individuals (+P/L) 29,015 3.64 1.32 1.81 2.10
  Standard error 0.04 0.05 0.05 0.04

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.50 0.60 0.80 1.20 1.40 2.10
0.80 1.20 1.70 2.10 2.60 3.40
1.50 2.00 2.70 3.40 3.90 5.10
2.44 2.78 3.15 3.52 3.75 4.23
0.24 0.06 0.20 0.44 0.59 0.92
3.05 3.63 4.29 5.00 5.48 6.52
0.12 0.09 0.13 0.23 0.32 0.62
3.77 4.56 5.45 6.35 6.94 8.15
0.34 0.15 0.30 0.65 0.90 1.46
4.42 5.17 6.00 6.84 7.38 8.49
0.14 0.12 0.13 0.15 0.16 0.23
4.03 4.77 5.61 6.47 7.05 8.30
0.19 0.10 0.17 0.28 0.36 0.61
3.29 4.06 4.98 6.04 6.80 8.51
0.09 0.08 0.10 0.16 0.22 0.40
2.73 3.34 4.08 4.91 5.50 6.84
0.09 0.07 0.07 0.14 0.21 0.39
2.67 2.97 3.28 3.59 3.78 4.16
0.24 0.08 0.21 0.44 0.60 0.93
2.16 2.78 3.51 4.30 4.86 6.05
0.10 0.09 0.14 0.25 0.34 0.59
2.59 3.09 3.66 4.21 4.57 5.37
0.14 0.08 0.15 0.27 0.36 0.63
2.71 3.17 3.68 4.19 4.53 5.25
0.11 0.06 0.08 0.16 0.23 0.41
2.35 2.84 3.40 3.99 4.39 5.23
0.06 0.05 0.06 0.10 0.14 0.24
2.09 2.54 3.06 3.61 3.98 4.77
0.08 0.05 0.07 0.15 0.22 0.40
3.20 3.70 4.25 4.80 5.16 5.87
0.16 0.18 0.31 0.40 0.41 0.35
3.97 4.38 4.80 5.20 5.45 5.93
0.25 0.27 0.28 0.29 0.30 0.34
3.36 3.87 4.42 4.95 5.28 5.95
0.14 0.16 0.17 0.18 0.19 0.20
2.65 3.42 4.37 5.44 6.20 7.94
0.04 0.04 0.04 0.06 0.09 0.16
2.66 3.44 4.38 5.44 6.19 7.88
0.04 0.04 0.05 0.07 0.11 0.19

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.



994 DIETARY REFERENCE INTAKES

TABLE D-3 Mean and Percentiles for Usual Daily Intake of
Arginine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.87 0.20 0.40 0.40
Both sexes, 7–12 mo 827 1.53 0.40 0.60 0.70
Both sexes, 1–3 y 3,309 2.52 0.60 1.00 1.30
Both sexes, 4–8 y 3,448 3.25 2.17 2.43 2.58
    Standard error 0.06 0.42 0.34 0.29
M, 9–13 y 1,219 4.34 2.32 2.80 3.08
    Standard error 0.16 0.42 0.39 0.36
M, 14–18 y 909 5.33 2.77 3.38 3.74
    Standard error 0.14 0.93 0.77 0.67
M, 19–30 y 1,902 6.04 3.36 4.00 4.38
    Standard error 0.14 0.11 0.14 0.15
M, 31–50 y 2,533 5.61 2.70 3.40 3.80
    Standard error 0.10 0.26 0.23 0.23
M, 51–70 y 1,942 4.88 1.91 2.58 2.98
    Standard error 0.10 0.12 0.11 0.11
M, 71+ y 1,255 4.01 1.79 2.29 2.59
    Standard error 0.07 0.15 0.13 0.12
F, 9–13 y 1,216 3.46 2.60 2.83 2.96
    Standard error 0.08 1.13 0.87 0.71
F, 14–18 y 949 3.39 1.26 1.75 2.04
    Standard error 0.10 0.22 0.18 0.16
F, 19–30 y 1,901 3.65 1.78 2.21 2.45
    Standard error 0.11 0.24 0.20 0.18
F, 31–50 y 2,939 3.71 2.19 2.57 2.79
    Standard error 0.05 0.25 0.21 0.18
F, 51–70 y 2,065 3.33 1.59 2.01 2.25
    Standard error 0.05 0.11 0.09 0.08
F, 71+ y 1,368 2.97 1.45 1.81 2.02
    Standard error 0.05 0.15 0.13 0.12
Pregnant 346 4.31 2.51 2.96 3.22
    Standard error 0.21 0.33 0.44 0.43
Lactating 99 5.08 3.56 3.99 4.23
    Standard error 0.27 0.27 0.30 0.30
Pregnant/lactating 440 4.48 2.64 3.12 3.39
    Standard error 0.17 0.15 0.15 0.15
All individuals 28,575 4.17 1.51 2.07 2.40
    Standard error 0.04 0.06 0.05 0.05
All individuals (+P/L) 29,015 4.18 1.54 2.09 2.42
    Standard error 0.04 0.06 0.06 0.05

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.50 0.70 1.10 1.60 1.90 2.80
1.00 1.40 1.90 2.50 2.90 4.30
1.70 2.30 3.10 3.90 4.60 5.80
2.86 3.21 3.60 3.97 4.20 4.66
0.20 0.07 0.17 0.34 0.45 0.69
3.60 4.23 4.96 5.72 6.25 7.38
0.27 0.19 0.32 0.52 0.70 1.24
4.40 5.22 6.14 7.07 7.66 8.88
0.45 0.18 0.35 0.79 1.10 1.78
5.07 5.92 6.88 7.84 8.46 9.72
0.15 0.15 0.16 0.18 0.20 0.26
4.50 5.50 6.50 7.60 8.30 10.00
0.24 0.11 0.24 0.29 0.36 0.63
3.72 4.64 5.77 7.07 8.01 10.13
0.10 0.10 0.12 0.17 0.22 0.38
3.13 3.83 4.68 5.64 6.33 7.89
0.09 0.07 0.09 0.17 0.24 0.45
3.18 3.45 3.73 3.99 4.15 4.48
0.43 0.11 0.34 0.74 1.00 1.53
2.58 3.25 4.04 4.90 5.49 6.76
0.12 0.10 0.15 0.27 0.38 0.64
2.92 3.54 4.26 4.96 5.43 6.53
0.13 0.09 0.20 0.32 0.42 0.77
3.18 3.65 4.18 4.70 5.04 5.76
0.12 0.06 0.09 0.19 0.27 0.45
2.69 3.24 3.86 4.52 4.96 5.90
0.07 0.05 0.06 0.11 0.15 0.26
2.41 2.91 3.46 4.02 4.37 5.11
0.09 0.05 0.09 0.17 0.22 0.34
3.68 4.25 4.88 5.49 5.89 6.68
0.32 0.25 0.42 0.55 0.56 0.44
4.62 5.07 5.53 5.94 6.19 6.66
0.28 0.28 0.33 0.37 0.39 0.39
3.86 4.43 5.05 5.64 6.01 6.74
0.16 0.18 0.20 0.21 0.22 0.25
3.04 3.93 5.02 6.25 7.11 9.10
0.04 0.04 0.05 0.07 0.10 0.18
3.06 3.95 5.03 6.25 7.10 9.04
0.05 0.04 0.05 0.08 0.11 0.20

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-4 Mean and Percentiles for Usual Daily Intake of
Aspartic Acid (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 1.61 0.50 0.70 0.90
Both sexes, 7–12 mo 827 2.69 0.80 1.10 1.40
Both sexes, 1–3 y 3,309 4.08 1.00 1.70 2.20
Both sexes, 4–8 y 3,448 5.15 3.40 3.84 4.10
    Standard error 0.07 0.53 0.42 0.36
M, 9–13 y 1,219 6.76 3.50 4.30 4.80
    Standard error 0.16 0.42 0.34 0.29
M, 14–18 y 909 8.34 4.50 5.40 6.00
    Standard error 0.22 1.16 0.97 0.84
M, 19–30 y 1,902 9.31 5.30 6.30 6.80
    Standard error 0.19 0.16 0.17 0.17
M, 31–50 y 2,533 8.67 4.20 5.20 5.90
    Standard error 0.16 0.41 0.36 0.33
M, 51–70 y 1,942 7.58 3.20 4.20 4.80
    Standard error 0.14 0.22 0.20 0.19
M, 71+ y 1,255 6.32 2.80 3.60 4.10
    Standard error 0.10 0.25 0.21 0.18
F, 9–13 y 1,216 5.47 3.14 3.72 4.06
    Standard error 0.13 0.09 0.09 0.09
F, 14–18 y 949 5.32 2.00 2.80 3.30
    Standard error 0.15 0.28 0.23 0.20
F, 19–30 y 1,901 5.69 3.04 3.67 4.03
    Standard error 0.14 0.46 0.37 0.32
F, 31–50 y 2,939 5.79 3.30 3.92 4.28
    Standard error 0.08 0.37 0.30 0.26
F, 51–70 y 2,065 5.27 2.51 3.17 3.55
    Standard error 0.07 0.14 0.13 0.12
F, 71+ y 1,368 4.75 2.13 2.77 3.14
    Standard error 0.09 0.17 0.14 0.13
Pregnant 346 6.81 4.00 4.70 5.10
    Standard error 0.28 0.39 0.39 0.35
Lactating 99 8.09 5.65 6.34 6.71
    Standard error 0.45 0.52 0.56 0.55
Pregnant/lactating 440 7.12 4.23 4.97 5.40
    Standard error 0.26 0.22 0.22 0.23
All individuals 28,575 6.52 2.50 3.30 3.90
    Standard error 0.06 0.09 0.08 0.08
All individuals (+P/L) 29,015 6.54 2.50 3.40 3.90
    Standard error 0.06 0.10 0.09 0.08

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

1.10 1.40 1.90 2.60 3.10 4.30
1.70 2.40 3.40 4.30 5.10 7.00
2.90 3.90 5.00 6.20 7.20 9.40
4.55 5.10 5.69 6.27 6.63 7.36
0.23 0.09 0.17 0.38 0.52 0.81
5.60 6.60 7.70 9.00 9.80 11.60
0.22 0.16 0.22 0.37 0.51 0.89
7.00 8.20 9.50 10.90 11.70 13.50
0.57 0.26 0.45 0.97 1.33 2.13
7.90 9.20 10.60 12.00 12.90 14.70
0.18 0.19 0.21 0.24 0.26 0.32
7.00 8.50 10.10 11.70 12.90 15.40
0.25 0.18 0.20 0.37 0.53 0.95
5.90 7.30 8.90 10.80 12.10 15.10
0.17 0.15 0.17 0.27 0.37 0.66
5.00 6.10 7.40 8.80 9.80 12.10
0.14 0.10 0.13 0.25 0.37 0.67
4.66 5.40 6.20 6.99 7.49 8.49
0.11 0.15 0.16 0.16 0.17 0.20
4.10 5.10 6.30 7.60 8.50 10.30
0.16 0.15 0.21 0.35 0.48 0.79
4.70 5.58 6.56 7.47 8.06 9.36
0.23 0.14 0.25 0.44 0.60 1.07
4.92 5.70 6.56 7.42 7.98 9.18
0.18 0.08 0.13 0.27 0.39 0.68
4.25 5.12 6.12 7.16 7.86 9.33
0.10 0.08 0.09 0.13 0.18 0.30
3.80 4.62 5.55 6.52 7.18 8.58
0.10 0.07 0.11 0.21 0.31 0.59
5.83 6.72 7.69 8.65 9.26 10.48
0.29 0.31 0.48 0.63 0.67 0.65
7.35 8.07 8.82 9.50 9.92 10.71
0.51 0.47 0.50 0.56 0.57 0.55
6.14 7.04 8.01 8.93 9.52 10.67
0.25 0.27 0.29 0.31 0.32 0.36
4.80 6.20 7.80 9.60 10.90 13.70
0.07 0.06 0.06 0.10 0.14 0.26
4.90 6.20 7.80 9.60 10.90 13.70
0.08 0.06 0.07 0.11 0.16 0.30

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-5 Mean and Percentiles for Usual Daily Intake of
Cysteine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.21 0.10 0.10 0.10
Both sexes, 7–12 mo 827 0.39 0.10 0.10 0.20
Both sexes, 1–3 y 3,309 0.64 0.10 0.30 0.30
Both sexes, 4–8 y 3,448 0.82 0.43 0.53 0.58
    Standard error 0.01 0.13 0.10 0.08
M, 9–13 y 1,219 1.09 0.61 0.73 0.80
    Standard error 0.05 0.12 0.12 0.12
M, 14–18 y 909 1.30 0.64 0.80 0.89
    Standard error 0.04 0.13 0.11 0.09
M, 19–30 y 1,902 1.43 0.83 0.99 1.08
    Standard error 0.03 0.03 0.03 0.03
M, 31–50 y 2,533 1.33 0.71 0.86 0.95
    Standard error 0.02 0.10 0.09 0.07
M, 51–70 y 1,942 1.16 0.49 0.65 0.74
    Standard error 0.02 0.03 0.03 0.03
M, 71+ y 1,255 0.98 0.45 0.57 0.65
    Standard error 0.01 0.03 0.03 0.02
F, 9–13 y 1,216 0.86 0.60 0.67 0.71
    Standard error 0.02 0.14 0.11 0.09
F, 14–18 y 949 0.83 0.30 0.43 0.50
    Standard error 0.03 0.06 0.05 0.04
F, 19–30 y 1,901 0.89 0.53 0.62 0.67
    Standard error 0.02 0.12 0.10 0.08
F, 31–50 y 2,939 0.89 0.52 0.61 0.67
    Standard error 0.01 0.05 0.04 0.04
F, 51–70 y 2,065 0.81 0.40 0.50 0.56
    Standard error 0.01 0.03 0.02 0.02
F, 71+ y 1,368 0.74 0.34 0.44 0.50
    Standard error 0.01 0.03 0.03 0.02
Pregnant 346 1.06 0.64 0.75 0.81
    Standard error 0.04 0.05 0.06 0.06
Lactating 99 1.27 0.90 1.01 1.07
    Standard error 0.08 0.11 0.11 0.11
Pregnant/lactating 440 1.11 0.68 0.79 0.86
    Standard error 0.04 0.04 0.05 0.04
All individuals 28,575 1.01 0.39 0.52 0.60
    Standard error 0.01 0.02 0.02 0.01
All individuals (+P/L) 29,015 1.01 0.40 0.53 0.61
    Standard error 0.01 0.02 0.02 0.02

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.10 0.20 0.30 0.40 0.40 0.70
0.30 0.40 0.50 0.70 0.80 1.00
0.50 0.60 0.80 1.00 1.10 1.50
0.68 0.80 0.94 1.08 1.17 1.36
0.06 0.02 0.05 0.11 0.15 0.24
0.92 1.06 1.24 1.42 1.52 1.76
0.09 0.04 0.08 0.13 0.16 0.32
1.06 1.27 1.51 1.75 1.90 2.22
0.07 0.04 0.06 0.11 0.15 0.25
1.23 1.41 1.60 1.81 1.94 2.23
0.03 0.03 0.03 0.04 0.04 0.05
1.11 1.30 1.51 1.73 1.87 2.17
0.05 0.02 0.04 0.09 0.13 0.20
0.91 1.12 1.36 1.63 1.82 2.24
0.03 0.02 0.02 0.04 0.05 0.10
0.78 0.95 1.14 1.35 1.49 1.80
0.02 0.01 0.02 0.03 0.04 0.10
0.78 0.86 0.94 1.02 1.07 1.17
0.05 0.02 0.05 0.10 0.13 0.21
0.63 0.80 0.99 1.20 1.34 1.64
0.03 0.03 0.04 0.07 0.09 0.15
0.76 0.88 1.01 1.13 1.21 1.38
0.05 0.02 0.05 0.09 0.13 0.21
0.76 0.88 1.00 1.13 1.21 1.38
0.03 0.01 0.02 0.04 0.05 0.09
0.66 0.79 0.93 1.08 1.17 1.38
0.02 0.01 0.01 0.02 0.03 0.05
0.60 0.72 0.86 1.00 1.09 1.27
0.02 0.01 0.01 0.03 0.04 0.07
0.92 1.05 1.19 1.34 1.43 1.61
0.05 0.04 0.07 0.09 0.10 0.08
1.17 1.27 1.38 1.48 1.54 1.65
0.09 0.08 0.09 0.10 0.11 0.11
0.97 1.10 1.25 1.38 1.47 1.64
0.05 0.05 0.05 0.08 0.10 0.06
0.76 0.96 1.21 1.47 1.64 2.01
0.01 0.01 0.01 0.02 0.03 0.04
0.76 0.97 1.21 1.47 1.64 2.00
0.01 0.01 0.01 0.02 0.03 0.05

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-6 Mean and Percentiles for Usual Daily Intake of
Glutamic Acid (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 3.54 1.20 1.80 2.00
Both sexes, 7–12 mo 827 6.38 1.80 2.60 3.10
Both sexes, 1–3 y 3,309 10.16 2.70 4.50 5.60
Both sexes, 4–8 y 3,448 12.99 8.30 9.50 10.20
    Standard error 0.19 0.16 0.16 0.16
M, 9–13 y 1,219 17.04 9.60 11.30 12.30
    Standard error 0.40 1.98 1.63 1.40
M, 14–18 y 909 20.10 10.40 12.80 14.10
    Standard error 0.53 2.57 2.15 1.87
M, 19–30 y 1,902 21.43 12.50 14.70 16.00
    Standard error 0.43 0.44 0.45 0.40
M, 31–50 y 2,533 19.60 9.80 12.20 13.60
    Standard error 0.29 0.80 0.69 0.61
M, 51–70 y 1,942 17.11 7.30 9.70 11.00
    Standard error 0.27 0.56 0.53 0.42
M, 71+ y 1,255 14.34 6.40 8.20 9.20
    Standard error 0.21 0.50 0.43 0.48
F, 9–13 y 1,216 13.54 8.40 9.80 10.50
    Standard error 0.22 0.22 0.23 0.23
F, 14–18 y 949 12.94 6.30 8.00 8.90
    Standard error 0.38 1.34 1.09 0.93
F, 19–30 y 1,901 13.42 7.20 8.70 9.60
    Standard error 0.25 1.03 0.82 0.70
F, 31–50 y 2,939 13.29 6.80 8.50 9.40
    Standard error 0.17 0.53 0.45 0.39
F, 51–70 y 2,065 12.07 5.70 7.20 8.10
    Standard error 0.15 0.32 0.28 0.26
F, 71+ y 1,368 10.97 5.10 6.50 7.30
    Standard error 0.17 0.72 0.61 0.54
Pregnant 346 16.65 10.20 11.90 12.80
    Standard error 0.69 0.64 0.59 0.59
Lactating 99 20.10 14.30 16.00 17.00
    Standard error 1.21 1.47 1.55 1.47
Pregnant/lactating 440 17.38 10.80 12.50 13.50
    Standard error 0.57 0.57 0.55 0.54
All individuals 28,575 15.22 5.90 8.00 9.20
    Standard error 0.12 0.18 0.16 0.15
All individuals (+P/L) 29,015 15.27 6.00 8.00 9.30
    Standard error 0.12 0.20 0.16 0.18

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

2.60 3.20 4.10 5.30 6.50 9.70
4.10 5.50 8.10 10.80 12.50 15.60
7.40 9.60 12.40 15.10 17.40 23.50

11.40 12.80 14.50 16.00 17.00 19.00
0.17 0.19 0.23 0.28 0.32 0.44

14.30 16.70 19.40 22.20 24.00 27.80
0.92 0.39 0.90 1.90 2.63 4.26

16.60 19.70 23.20 26.50 28.70 33.10
1.30 0.64 0.95 2.01 2.78 4.44

18.30 21.10 24.20 27.20 29.20 33.10
0.38 0.52 0.58 0.56 0.56 0.71

16.10 19.10 22.50 26.10 28.50 33.70
0.45 0.30 0.39 0.74 1.04 1.74

13.40 16.50 20.10 23.90 26.60 32.80
0.47 0.30 0.46 0.59 0.89 1.58

11.30 13.90 16.90 20.10 22.20 26.50
0.35 0.25 0.50 0.57 0.71 1.58

11.90 13.40 15.10 16.70 17.70 19.90
0.22 0.22 0.25 0.28 0.30 0.33

10.60 12.70 15.00 17.30 18.90 22.10
0.65 0.40 0.61 1.18 1.62 2.63

11.20 13.20 15.40 17.60 19.00 22.10
0.48 0.26 0.46 0.84 1.16 2.04

11.00 13.00 15.20 17.50 19.00 22.10
0.28 0.18 0.21 0.39 0.54 0.97
9.80 11.80 14.00 16.40 17.90 21.30
0.21 0.16 0.18 0.25 0.33 0.64
8.90 10.70 12.80 14.90 16.20 18.90
0.37 0.19 0.32 0.66 0.91 1.45

14.50 16.50 18.60 20.70 22.00 24.50
0.63 0.71 0.79 0.86 0.91 1.01

18.50 20.20 21.70 23.10 23.90 25.40
1.33 1.26 1.41 1.53 1.51 1.39

15.20 17.30 19.40 21.40 22.60 25.00
0.56 0.59 0.62 0.66 0.69 0.76

11.50 14.50 18.10 22.20 25.00 31.30
0.13 0.12 0.13 0.21 0.30 0.53

11.50 14.60 18.20 22.20 25.00 31.10
0.15 0.13 0.13 0.20 0.33 0.58

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-7 Mean and Percentiles for Usual Daily Intake of
Glycine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.53 0.10 0.20 0.20
Both sexes, 7–12 mo 827 1.03 0.30 0.40 0.50
Both sexes, 1–3 y 3,309 1.83 0.40 0.70 0.90
Both sexes, 4–8 y 3,448 2.43 1.44 1.67 1.80
    Standard error 0.04 0.34 0.28 0.24
M, 9–13 y 1,219 3.24 1.77 2.11 2.31
    Standard error 0.09 0.43 0.36 0.31
M, 14–18 y 909 4.13 2.22 2.68 2.95
    Standard error 0.11 0.58 0.49 0.42
M, 19–30 y 1,902 4.73 2.59 3.11 3.41
    Standard error 0.12 0.10 0.12 0.13
M, 31–50 y 2,533 4.36 2.31 2.79 3.08
    Standard error 0.08 0.28 0.24 0.21
M, 51–70 y 1,942 3.76 1.59 2.09 2.39
    Standard error 0.08 0.13 0.12 0.11
M, 71+ y 1,255 3.05 1.31 1.71 1.95
    Standard error 0.05 0.13 0.11 0.10
F, 9–13 y 1,216 2.61 1.71 1.93 2.06
    Standard error 0.06 0.54 0.43 0.37
F, 14–18 y 949 2.58 0.82 1.21 1.45
    Standard error 0.08 0.14 0.12 0.11
F, 19–30 y 1,901 2.79 1.35 1.67 1.87
    Standard error 0.08 0.18 0.15 0.14
F, 31–50 y 2,939 2.86 1.60 1.90 2.08
    Standard error 0.04 0.20 0.17 0.15
F, 51–70 y 2,065 2.55 1.19 1.51 1.70
    Standard error 0.04 0.11 0.10 0.09
F, 71+ y 1,368 2.27 1.15 1.42 1.58
    Standard error 0.04 0.20 0.17 0.15
Pregnant 346 3.28 1.89 2.23 2.43
    Standard error 0.19 0.31 0.47 0.49
Lactating 99 3.66 2.53 2.84 3.01
    Standard error 0.22 0.17 0.19 0.20
Pregnant/lactating 440 3.37 1.97 2.32 2.53
    Standard error 0.13 0.11 0.11 0.11
All individuals 28,575 3.20 1.09 1.52 1.79
    Standard error 0.03 0.04 0.04 0.04
All individuals (+P/L) 29,015 3.21 1.11 1.53 1.80
    Standard error 0.03 0.04 0.04 0.04

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of age
and children 1–3 years of age are unadjusted. Means and percentiles for these groups
were computed using SAS PROC UNIVARIATE. For all other groups, data were adjusted
using the Iowa State University method. Means, standard errors, and percentiles were
obtained using C-Side. Standard errors were estimated via jackknife replication. Each
standard error has 49 degrees of freedom. Infants and children fed human milk and
females who had “blank but applicable” pregnancy and lactating status data or who
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25th 50th 75th 90th 95th 99th

0.30 0.40 0.70 1.00 1.20 1.80
0.60 0.90 1.30 1.80 2.10 3.20
1.20 1.70 2.30 3.00 3.40 4.40
2.05 2.38 2.75 3.11 3.34 3.81
0.16 0.05 0.14 0.29 0.39 0.61
2.69 3.17 3.71 4.27 4.64 5.40
0.21 0.10 0.20 0.43 0.62 1.12
3.44 4.05 4.73 5.41 5.85 6.74
0.29 0.13 0.24 0.51 0.71 1.14
3.96 4.63 5.39 6.17 6.69 7.80
0.12 0.12 0.12 0.14 0.16 0.22
3.61 4.26 5.00 5.76 6.27 7.36
0.16 0.09 0.12 0.25 0.35 0.61
2.93 3.60 4.41 5.31 5.96 7.39
0.10 0.08 0.09 0.15 0.21 0.37
2.38 2.92 3.57 4.31 4.83 5.99
0.08 0.06 0.07 0.13 0.20 0.37
2.30 2.58 2.89 3.19 3.38 3.76
0.24 0.08 0.18 0.41 0.56 0.89
1.89 2.44 3.11 3.87 4.41 5.58
0.09 0.08 0.12 0.20 0.27 0.46
2.23 2.70 3.25 3.81 4.18 5.02
0.11 0.07 0.13 0.23 0.31 0.55
2.40 2.80 3.25 3.70 4.00 4.64
0.10 0.05 0.07 0.15 0.22 0.39
2.04 2.47 2.97 3.50 3.87 4.65
0.07 0.04 0.05 0.11 0.16 0.28
1.86 2.22 2.63 3.03 3.29 3.83
0.10 0.04 0.09 0.20 0.27 0.45
2.79 3.23 3.72 4.21 4.52 5.14
0.39 0.22 0.35 0.50 0.50 0.34
3.31 3.64 3.99 4.32 4.51 4.89
0.21 0.23 0.25 0.28 0.30 0.35
2.89 3.33 3.81 4.27 4.57 5.15
0.12 0.13 0.15 0.16 0.18 0.20
2.29 3.00 3.88 4.88 5.59 7.25
0.03 0.04 0.04 0.06 0.08 0.15
2.30 3.01 3.88 4.87 5.59 7.20
0.03 0.04 0.05 0.06 0.08 0.16

responded “I don’t know” to questions on pregnancy and lactating status were excluded
from all analyses. Females who were both pregnant and lactating were included in both
the Pregnant and Lactating categories. The sample sizes for the Pregnant and Lactating
categories were very small so their estimates of usual intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-8 Mean and Percentiles for Usual Daily Intake of
Histidine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.47 0.10 0.20 0.30
Both sexes, 7–12 mo 827 0.85 0.20 0.30 0.40
Both sexes, 1–3 y 3,309 1.38 0.30 0.60 0.70
Both sexes, 4–8 y 3,448 1.77 1.15 1.31 1.40
    Standard error 0.03 0.51 0.39 0.31
M, 9–13 y 1,219 2.36 1.37 1.61 1.75
    Standard error 0.06 0.20 0.17 0.15
M, 14–18 y 909 2.93 1.48 1.83 2.03
    Standard error 0.08 0.35 0.30 0.26
M, 19–30 y 1,902 3.19 1.78 2.12 2.32
    Standard error 0.07 0.07 0.10 0.10
M, 31–50 y 2,533 2.90 1.41 1.76 1.97
    Standard error 0.05 0.13 0.12 0.11
M, 51–70 y 1,942 2.50 0.95 1.30 1.51
    Standard error 0.05 0.06 0.06 0.05
M, 71+ y 1,255 2.03 0.85 1.13 1.29
    Standard error 0.03 0.07 0.06 0.06
F, 9–13 y 1,216 1.89 1.10 1.30 1.42
    Standard error 0.04 0.04 0.05 0.06
F, 14–18 y 949 1.80 0.70 0.96 1.12
    Standard error 0.05 0.14 0.11 0.10
F, 19–30 y 1,901 1.91 1.00 1.22 1.35
    Standard error 0.04 0.16 0.13 0.11
F, 31–50 y 2,939 1.92 1.09 1.30 1.41
    Standard error 0.03 0.12 0.10 0.09
F, 51–70 y 2,065 1.72 0.84 1.05 1.17
    Standard error 0.02 0.06 0.05 0.05
F, 71+ y 1,368 1.54 0.67 0.88 1.00
    Standard error 0.03 0.09 0.06 0.05
Pregnant 346 2.32 1.38 1.62 1.75
    Standard error 0.11 0.25 0.28 0.27
Lactating 99 2.72 1.91 2.14 2.26
    Standard error 0.13 0.12 0.13 0.13
Pregnant/lactating 440 2.42 1.45 1.70 1.85
    Standard error 0.09 0.08 0.08 0.08
All individuals 28,575 2.19 0.82 1.10 1.28
    Standard error 0.02 0.03 0.03 0.03
All individuals (+P/L) 29,015 2.20 0.83 1.11 1.29
    Standard error 0.02 0.03 0.03 0.03

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of age
and children 1–3 years of age are unadjusted. Means and percentiles for these groups
were computed using SAS PROC UNIVARIATE. For all other groups, data were adjusted
using the Iowa State University method. Means, standard errors, and percentiles were
obtained using C-Side. Standard errors were estimated via jackknife replication. Each
standard error has 49 degrees of freedom. Infants and children fed human milk and
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25th 50th 75th 90th 95th 99th

0.30 0.40 0.50 0.70 0.90 1.30
0.50 0.70 1.10 1.40 1.70 2.30
1.00 1.30 1.70 2.10 2.50 3.10
1.56 1.75 1.96 2.17 2.30 2.56
0.18 0.05 0.17 0.34 0.46 0.69
2.00 2.32 2.67 3.02 3.24 3.71
0.11 0.06 0.10 0.18 0.24 0.38
2.40 2.86 3.39 3.91 4.25 4.94
0.18 0.10 0.14 0.30 0.41 0.67
2.68 3.13 3.63 4.12 4.44 5.09
0.09 0.07 0.08 0.09 0.10 0.13
2.35 2.83 3.36 3.91 4.28 5.11
0.09 0.06 0.08 0.14 0.20 0.34
1.89 2.38 2.96 3.63 4.11 5.19
0.05 0.05 0.06 0.10 0.14 0.25
1.58 1.95 2.39 2.88 3.22 3.98
0.05 0.04 0.04 0.08 0.12 0.21
1.62 1.86 2.13 2.39 2.56 2.90
0.05 0.04 0.05 0.07 0.07 0.06
1.40 1.74 2.14 2.56 2.84 3.43
0.07 0.05 0.08 0.15 0.20 0.32
1.58 1.87 2.20 2.51 2.72 3.15
0.08 0.05 0.07 0.13 0.18 0.32
1.63 1.89 2.17 2.46 2.65 3.04
0.06 0.03 0.05 0.10 0.14 0.23
1.40 1.68 2.00 2.32 2.52 2.94
0.04 0.03 0.03 0.05 0.07 0.11
1.22 1.49 1.81 2.13 2.34 2.80
0.04 0.03 0.04 0.08 0.12 0.27
2.00 2.29 2.62 2.94 3.14 3.56
0.22 0.14 0.20 0.25 0.25 0.22
2.47 2.71 2.96 3.18 3.32 3.58
0.13 0.14 0.17 0.19 0.19 0.19
2.10 2.40 2.72 3.03 3.22 3.60
0.08 0.09 0.10 0.11 0.11 0.13
1.62 2.07 2.63 3.25 3.69 4.65
0.02 0.02 0.02 0.04 0.05 0.10
1.62 2.08 2.64 3.25 3.68 4.63
0.02 0.02 0.02 0.04 0.06 0.11

females who had “blank but applicable” pregnancy and lactating status data or who
responded “I don’t know” to questions on pregnancy and lactating status were excluded
from all analyses. Females who were both pregnant and lactating were included in both
the Pregnant and Lactating categories. The sample sizes for the Pregnant and Lactating
categories were very small so their estimates of usual intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-9 Mean and Percentiles for Usual Daily Intake of
Isoleucine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.98 0.40 0.50 0.60
Both sexes, 7–12 mo 827 1.63 0.50 0.70 0.80
Both sexes, 1–3 y 3,309 2.40 0.50 1.00 1.30
Both sexes, 4–8 y 3,448 2.98 1.77 2.07 2.25
    Standard error 0.04 0.42 0.34 0.28
M, 9–13 y 1,219 3.84 2.19 2.59 2.82
    Standard error 0.09 0.28 0.23 0.21
M, 14–18 y 909 4.60 2.15 2.73 3.07
    Standard error 0.13 0.44 0.38 0.33
M, 19–30 y 1,902 5.01 2.88 3.42 3.72
    Standard error 0.11 0.21 0.23 0.19
M, 31–50 y 2,533 4.59 2.29 2.85 3.18
    Standard error 0.08 0.22 0.20 0.17
M, 51–70 y 1,942 4.03 1.61 2.17 2.50
    Standard error 0.07 0.11 0.10 0.09
M, 71+ y 1,255 3.36 1.34 1.81 2.08
    Standard error 0.05 0.12 0.09 0.07
F, 9–13 y 1,216 3.09 1.81 2.13 2.32
    Standard error 0.06 0.05 0.05 0.05
F, 14–18 y 949 2.94 1.19 1.61 1.85
    Standard error 0.08 0.20 0.16 0.14
F, 19–30 y 1,901 3.09 1.52 1.90 2.11
    Standard error 0.07 0.21 0.17 0.15
F, 31–50 y 2,939 3.12 1.70 2.05 2.25
    Standard error 0.04 0.17 0.14 0.12
F, 51–70 y 2,065 2.83 1.31 1.67 1.88
    Standard error 0.04 0.08 0.07 0.07
F, 71+ y 1,368 2.58 1.15 1.49 1.69
    Standard error 0.05 0.14 0.12 0.11
Pregnant 346 3.78 2.37 2.76 2.95
    Standard error 0.26 0.40 0.39 0.27
Lactating 99 4.70 3.30 3.69 3.90
    Standard error 0.28 0.24 0.26 0.26
Pregnant/lactating 440 4.03 2.40 2.82 3.06
    Standard error 0.15 0.13 0.13 0.14
All individuals 28,575 3.55 1.38 1.84 2.13
    Standard error 0.03 0.05 0.04 0.04
All individuals (+P/L) 29,015 3.55 1.42 1.87 2.15
    Standard error 0.03 0.06 0.05 0.05

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.70 0.90 1.10 1.50 1.80 2.60
1.00 1.40 2.00 2.70 3.20 4.00
1.70 2.30 2.90 3.70 4.20 5.50
2.56 2.94 3.35 3.76 4.02 4.53
0.17 0.05 0.15 0.32 0.44 0.68
3.24 3.77 4.35 4.93 5.31 6.07
0.15 0.09 0.14 0.25 0.35 0.64
3.70 4.49 5.38 6.26 6.83 7.99
0.25 0.15 0.20 0.38 0.52 0.85
4.25 4.91 5.66 6.42 6.92 7.94
0.12 0.16 0.17 0.14 0.14 0.25
3.76 4.47 5.29 6.13 6.70 7.89
0.13 0.08 0.11 0.21 0.28 0.47
3.11 3.86 4.75 5.76 6.49 8.15
0.08 0.08 0.08 0.13 0.18 0.33
2.58 3.21 3.97 4.83 5.44 6.80
0.06 0.05 0.07 0.12 0.17 0.32
2.65 3.05 3.48 3.90 4.17 4.69
0.05 0.06 0.06 0.07 0.08 0.09
2.30 2.85 3.48 4.13 4.57 5.48
0.11 0.09 0.13 0.21 0.30 0.53
2.51 3.01 3.59 4.15 4.52 5.33
0.11 0.07 0.11 0.20 0.27 0.49
2.61 3.06 3.55 4.04 4.37 5.05
0.08 0.04 0.07 0.14 0.19 0.33
2.27 2.75 3.30 3.87 4.24 5.02
0.05 0.04 0.05 0.08 0.11 0.21
2.06 2.52 3.04 3.56 3.90 4.58
0.08 0.05 0.07 0.14 0.19 0.31
3.26 3.66 4.20 4.78 5.16 5.91
0.23 0.46 0.45 0.32 0.28 0.31
4.27 4.69 5.12 5.51 5.76 6.22
0.28 0.30 0.30 0.31 0.32 0.36
3.48 3.98 4.53 5.06 5.39 6.05
0.15 0.16 0.17 0.18 0.18 0.20
2.67 3.38 4.24 5.17 5.83 7.28
0.04 0.03 0.04 0.06 0.07 0.14
2.69 3.40 4.25 5.14 5.74 7.01
0.04 0.03 0.04 0.07 0.09 0.15

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-10 Mean and Percentiles for Usual Daily Intake of
Leucine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 1.63 0.60 0.80 1.00
Both sexes, 7–12 mo 827 2.72 0.90 1.10 1.30
Both sexes, 1–3 y 3,309 4.07 0.90 1.80 2.20
Both sexes, 4–8 y 3,448 5.11 3.21 3.70 3.97
    Standard error 0.07 1.36 1.04 0.85
M, 9–13 y 1,219 6.66 4.01 4.69 5.07
    Standard error 0.17 0.65 0.50 0.42
M, 14–18 y 909 8.00 3.90 4.90 5.50
    Standard error 0.22 0.75 0.65 0.58
M, 19–30 y 1,902 8.64 5.00 5.90 6.40
    Standard error 0.17 0.15 0.15 0.15
M, 31–50 y 2,533 7.91 3.90 4.90 5.40
    Standard error 0.14 0.36 0.32 0.28
M, 51–70 y 1,942 6.90 2.70 3.70 4.30
    Standard error 0.12 0.19 0.16 0.15
M, 71+ y 1,255 5.73 2.40 3.20 3.60
    Standard error 0.08 0.17 0.14 0.12
F, 9–13 y 1,216 5.32 4.05 4.39 4.58
    Standard error 0.10 1.62 1.20 0.97
F, 14–18 y 949 5.04 2.00 2.70 3.20
    Standard error 0.14 0.33 0.27 0.23
F, 19–30 y 1,901 5.30 2.63 3.27 3.63
    Standard error 0.11 0.38 0.31 0.27
F, 31–50 y 2,939 5.33 2.88 3.48 3.83
    Standard error 0.07 0.27 0.22 0.19
F, 51–70 y 2,065 4.82 2.24 2.86 3.22
    Standard error 0.07 0.13 0.11 0.10
F, 71+ y 1,368 4.34 1.89 2.45 2.79
    Standard error 0.08 0.18 0.15 0.14
Pregnant 346 6.50 4.17 4.70 4.96
    Standard error 0.34 0.43 0.28 0.25
Lactating 99 8.01 5.63 6.30 6.67
    Standard error 0.43 0.38 0.37 0.39
Pregnant/lactating 440 6.88 4.15 4.85 5.25
    Standard error 0.26 0.22 0.23 0.24
All individuals 28,575 6.08 2.30 3.10 3.60
    Standard error 0.05 0.08 0.07 0.07
All individuals (+P/L) 29,015 6.10 2.40 3.20 3.70
    Standard error 0.05 0.08 0.07 0.07

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

1.20 1.50 1.90 2.40 2.90 4.20
1.80 2.40 3.30 4.50 5.40 6.70
2.90 3.80 5.00 6.20 7.20 9.40
4.46 5.05 5.69 6.32 6.71 7.49
0.50 0.09 0.45 0.93 1.25 1.89
5.75 6.56 7.46 8.37 8.97 10.22
0.28 0.18 0.27 0.49 0.68 1.13
6.50 7.80 9.30 10.80 11.70 13.60
0.43 0.26 0.31 0.62 0.86 1.39
7.30 8.50 9.80 11.10 11.90 13.50
0.16 0.17 0.18 0.21 0.23 0.29
6.50 7.70 9.10 10.60 11.60 13.80
0.21 0.16 0.19 0.35 0.49 0.83
5.30 6.60 8.10 9.90 11.20 14.10
0.14 0.13 0.14 0.24 0.33 0.59
4.50 5.50 6.70 8.10 9.10 11.30
0.10 0.08 0.11 0.20 0.29 0.52
4.91 5.30 5.70 6.07 6.30 6.76
0.55 0.11 0.51 1.03 1.35 2.01
3.90 4.90 6.00 7.10 7.90 9.40
0.17 0.15 0.23 0.37 0.49 0.84
4.30 5.18 6.16 7.10 7.72 9.12
0.19 0.11 0.18 0.34 0.48 0.88
4.46 5.23 6.08 6.93 7.50 8.70
0.14 0.08 0.11 0.21 0.30 0.52
3.88 4.69 5.62 6.57 7.20 8.52
0.08 0.07 0.08 0.13 0.17 0.29
3.42 4.22 5.13 6.05 6.64 7.86
0.11 0.08 0.13 0.20 0.25 0.44
5.48 6.34 7.37 8.28 8.81 9.92
0.37 0.40 0.56 0.54 0.47 0.43
7.30 8.00 8.71 9.36 9.75 10.50
0.42 0.45 0.48 0.50 0.52 0.58
5.96 6.80 7.72 8.60 9.15 10.24
0.25 0.27 0.29 0.30 0.31 0.34
4.50 5.80 7.30 8.90 10.10 12.70
0.06 0.05 0.06 0.09 0.14 0.24
4.60 5.80 7.30 8.90 10.10 12.60
0.06 0.05 0.06 0.10 0.15 0.26

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.



1010 DIETARY REFERENCE INTAKES

TABLE D-11 Mean and Percentiles for Usual Daily Intake of
Lysine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 1.24 0.40 0.60 0.70
Both sexes, 7–12 mo 827 2.15 0.60 0.80 1.00
Both sexes, 1–3 y 3,309 3.35 0.70 1.30 1.70
Both sexes, 4–8 y 3,448 4.23 2.72 3.10 3.32
    Standard error 0.06 0.89 0.69 0.57
M, 9–13 y 1,219 5.55 3.01 3.64 4.00
    Standard error 0.13 0.51 0.42 0.36
M, 14–18 y 909 6.91 3.40 4.20 4.70
    Standard error 0.20 0.93 0.79 0.69
M, 19–30 y 1,902 7.66 4.20 5.00 5.50
    Standard error 0.16 0.13 0.13 0.14
M, 31–50 y 2,533 6.97 3.30 4.20 4.70
    Standard error 0.14 0.35 0.31 0.28
M, 51–70 y 1,942 6.00 2.30 3.10 3.60
    Standard error 0.12 0.15 0.14 0.13
M, 71+ y 1,255 4.88 1.98 2.64 3.03
    Standard error 0.09 0.20 0.18 0.16
F, 9–13 y 1,216 4.47 2.51 3.00 3.28
    Standard error 0.09 0.07 0.07 0.07
F, 14–18 y 949 4.28 1.60 2.23 2.61
    Standard error 0.12 0.29 0.25 0.21
F, 19–30 y 1,901 4.60 2.39 2.92 3.23
    Standard error 0.12 0.43 0.35 0.31
F, 31–50 y 2,939 4.65 2.58 3.09 3.38
    Standard error 0.07 0.34 0.28 0.24
F, 51–70 y 2,065 4.16 1.86 2.40 2.72
    Standard error 0.06 0.14 0.14 0.13
F, 71+ y 1,368 3.71 1.59 2.09 2.39
    Standard error 0.08 0.25 0.18 0.16
Pregnant 346 5.57 3.19 3.77 4.11
    Standard error 0.22 0.25 0.34 0.34
Lactating 99 6.64 4.51 5.09 5.41
    Standard error 0.32 0.24 0.27 0.29
Pregnant/lactating 440 5.85 3.41 4.03 4.38
    Standard error 0.21 0.18 0.18 0.19
All individuals 28,575 5.26 1.90 2.60 3.10
    Standard error 0.05 0.08 0.07 0.06
All individuals (+P/L) 29,015 5.27 2.00 2.70 3.10
    Standard error 0.05 0.08 0.08 0.07

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.90 1.10 1.40 1.90 2.30 3.60
1.30 1.90 2.70 3.60 4.40 5.60
2.30 3.10 4.20 5.30 6.20 7.40
3.71 4.18 4.69 5.19 5.50 6.13
0.34 0.08 0.30 0.63 0.85 1.30
4.65 5.43 6.32 7.24 7.85 9.13
0.25 0.15 0.20 0.40 0.56 0.95
5.60 6.80 8.00 9.30 10.10 11.80
0.48 0.24 0.36 0.78 1.09 1.76
6.40 7.50 8.70 10.00 10.80 12.40
0.14 0.16 0.18 0.20 0.22 0.28
5.60 6.80 8.10 9.50 10.40 12.40
0.22 0.15 0.19 0.35 0.49 0.85
4.50 5.70 7.10 8.80 9.90 12.60
0.12 0.12 0.15 0.24 0.33 0.58
3.75 4.65 5.76 7.02 7.93 9.96
0.13 0.10 0.11 0.21 0.32 0.61
3.79 4.40 5.08 5.73 6.15 6.98
0.08 0.09 0.10 0.11 0.12 0.14
3.29 4.14 5.12 6.14 6.82 8.25
0.16 0.12 0.19 0.34 0.46 0.77
3.79 4.50 5.30 6.07 6.58 7.67
0.21 0.11 0.23 0.41 0.56 0.95
3.91 4.56 5.29 6.01 6.48 7.48
0.16 0.07 0.13 0.29 0.40 0.69
3.31 4.04 4.88 5.74 6.32 7.52
0.10 0.07 0.10 0.13 0.17 0.41
2.92 3.59 4.36 5.17 5.71 6.87
0.12 0.09 0.10 0.20 0.36 0.88
4.72 5.48 6.32 7.15 7.69 8.77
0.27 0.22 0.40 0.56 0.59 0.52
5.97 6.61 7.29 7.92 8.30 9.06
0.33 0.35 0.37 0.39 0.41 0.51
5.01 5.77 6.60 7.40 7.90 8.90
0.20 0.22 0.24 0.25 0.27 0.30
3.90 5.00 6.30 7.80 8.80 11.20
0.06 0.05 0.06 0.10 0.13 0.24
3.90 5.00 6.30 7.80 8.80 11.10
0.07 0.05 0.06 0.10 0.15 0.27

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-12 Mean and Percentiles for Usual Daily Intake of
Methionine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.37 0.10 0.20 0.20
Both sexes, 7–12 mo 827 0.69 0.20 0.20 0.30
Both sexes, 1–3 y 3,309 1.13 0.30 0.40 0.60
Both sexes, 4–8 y 3,448 1.43 0.85 1.00 1.08
    Standard error 0.03 0.21 0.16 0.14
M, 9–13 y 1,219 1.87 1.03 1.23 1.35
    Standard error 0.05 0.14 0.12 0.11
M, 14–18 y 909 2.31 1.09 1.38 1.55
    Standard error 0.07 0.27 0.23 0.21
M, 19–30 y 1,902 2.54 1.42 1.69 1.85
    Standard error 0.05 0.04 0.05 0.05
M, 31–50 y 2,533 2.32 1.16 1.44 1.60
    Standard error 0.04 0.15 0.13 0.12
M, 51–70 y 1,942 2.01 0.80 1.07 1.24
    Standard error 0.04 0.06 0.05 0.04
M, 71+ y 1,255 1.66 0.70 0.92 1.06
    Standard error 0.03 0.07 0.06 0.05
F, 9–13 y 1,216 1.51 1.18 1.27 1.32
    Standard error 0.03 0.50 0.37 0.30
F, 14–18 y 949 1.44 0.53 0.75 0.88
    Standard error 0.04 0.12 0.10 0.09
F, 19–30 y 1,901 1.55 0.78 0.96 1.07
    Standard error 0.04 0.12 0.10 0.08
F, 31–50 y 2,939 1.56 0.88 1.05 1.15
    Standard error 0.02 0.11 0.09 0.08
F, 51–70 y 2,065 1.40 0.63 0.81 0.92
    Standard error 0.02 0.05 0.04 0.04
F, 71+ y 1,368 1.26 0.58 0.74 0.84
    Standard error 0.03 0.07 0.06 0.05
Pregnant 346 1.89 1.10 1.30 1.41
    Standard error 0.10 0.18 0.26 0.27
Lactating 99 2.23 1.54 1.73 1.83
    Standard error 0.12 0.13 0.17 0.18
Pregnant/lactating 440 1.97 1.17 1.37 1.49
    Standard error 0.07 0.06 0.06 0.07
All individuals 28,575 1.76 0.67 0.90 1.04
    Standard error 0.02 0.03 0.03 0.03
All individuals (+P/L) 29,015 1.77 0.68 0.91 1.05
    Standard error 0.02 0.03 0.03 0.03

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.30 0.30 0.40 0.60 0.70 1.20
0.40 0.60 0.90 1.20 1.40 1.90
0.80 1.10 1.40 1.80 2.00 2.50
1.23 1.41 1.61 1.80 1.93 2.18
0.09 0.05 0.09 0.16 0.22 0.34
1.57 1.83 2.14 2.44 2.64 3.04
0.08 0.05 0.07 0.12 0.16 0.30
1.86 2.25 2.70 3.15 3.43 4.02
0.15 0.08 0.11 0.24 0.33 0.53
2.14 2.50 2.90 3.30 3.55 4.07
0.05 0.05 0.06 0.07 0.07 0.09
1.90 2.26 2.68 3.12 3.41 4.02
0.09 0.05 0.07 0.15 0.20 0.35
1.54 1.92 2.38 2.89 3.27 4.12
0.04 0.04 0.05 0.08 0.10 0.18
1.29 1.59 1.94 2.34 2.63 3.25
0.04 0.03 0.04 0.07 0.11 0.19
1.40 1.50 1.61 1.70 1.76 1.88
0.18 0.04 0.15 0.31 0.41 0.61
1.11 1.39 1.72 2.07 2.30 2.80
0.06 0.04 0.07 0.13 0.18 0.30
1.26 1.52 1.80 2.08 2.26 2.65
0.06 0.04 0.06 0.11 0.15 0.26
1.32 1.54 1.77 2.01 2.17 2.49
0.05 0.02 0.04 0.09 0.12 0.21
1.12 1.37 1.65 1.94 2.13 2.53
0.03 0.02 0.03 0.04 0.06 0.11
1.01 1.23 1.47 1.72 1.89 2.26
0.04 0.03 0.03 0.07 0.10 0.17
1.61 1.86 2.13 2.40 2.58 2.93
0.22 0.12 0.19 0.28 0.28 0.18
2.01 2.22 2.43 2.63 2.76 3.00
0.16 0.12 0.14 0.17 0.19 0.20
1.69 1.94 2.22 2.48 2.65 2.98
0.07 0.07 0.08 0.09 0.09 0.10
1.31 1.68 2.12 2.59 2.90 3.58
0.02 0.02 0.02 0.03 0.05 0.08
1.32 1.68 2.12 2.59 2.90 3.57
0.02 0.02 0.02 0.04 0.05 0.09

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-13 Mean and Percentiles for Usual Daily Intake of
Phenylalanine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.84 0.30 0.40 0.50
Both sexes, 7–12 mo 827 1.45 0.40 0.60 0.70
Both sexes, 1–3 y 3,309 2.25 0.50 1.00 1.20
Both sexes, 4–8 y 3,448 2.84 1.79 2.05 2.21
    Standard error 0.04 0.54 0.42 0.34
M, 9–13 y 1,219 3.72 2.28 2.65 2.86
    Standard error 0.10 0.34 0.27 0.24
M, 14–18 y 909 4.44 2.16 2.70 3.03
    Standard error 0.12 0.45 0.38 0.33
M, 19–30 y 1,902 4.82 2.79 3.29 3.58
    Standard error 0.10 0.11 0.12 0.11
M, 31–50 y 2,533 4.41 2.17 2.72 3.04
    Standard error 0.07 0.18 0.15 0.14
M, 51–70 y 1,942 3.85 1.57 2.10 2.42
    Standard error 0.07 0.11 0.09 0.08
M, 71+ y 1,255 3.22 1.43 1.84 2.09
    Standard error 0.05 0.12 0.09 0.08
F, 9–13 y 1,216 2.97 1.79 2.09 2.26
    Standard error 0.06 0.05 0.07 0.07
F, 14–18 y 949 2.83 1.18 1.58 1.81
    Standard error 0.08 0.17 0.15 0.13
F, 19–30 y 1,901 2.98 1.52 1.87 2.07
    Standard error 0.06 0.22 0.18 0.15
F, 31–50 y 2,939 2.97 1.64 1.97 2.17
    Standard error 0.04 0.15 0.12 0.11
F, 51–70 y 2,065 2.69 1.26 1.60 1.81
    Standard error 0.04 0.08 0.06 0.06
F, 71+ y 1,368 2.44 1.10 1.42 1.60
    Standard error 0.04 0.13 0.11 0.10
Pregnant 346 3.63 2.20 2.56 2.77
    Standard error 0.20 0.33 0.34 0.28
Lactating 99 4.44 3.16 3.53 3.73
    Standard error 0.24 0.26 0.25 0.24
Pregnant/lactating 440 3.83 2.33 2.72 2.95
    Standard error 0.15 0.12 0.13 0.13
All individuals 28,575 3.39 1.32 1.76 2.03
    Standard error 0.03 0.05 0.04 0.04
All individuals (+P/L) 29,015 3.40 1.34 1.78 2.05
    Standard error 0.03 0.05 0.04 0.04

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.60 0.80 1.00 1.30 1.50 2.20
0.90 1.30 1.80 2.40 2.80 3.70
1.60 2.10 2.80 3.40 3.90 5.30
2.48 2.81 3.17 3.52 3.74 4.18
0.20 0.06 0.19 0.39 0.52 0.78
3.23 3.67 4.16 4.66 4.98 5.67
0.16 0.10 0.16 0.30 0.39 0.63
3.61 4.34 5.16 5.97 6.49 7.53
0.23 0.13 0.20 0.39 0.52 0.83
4.11 4.75 5.45 6.15 6.59 7.48
0.09 0.11 0.13 0.13 0.13 0.16
3.61 4.30 5.10 5.93 6.49 7.68
0.10 0.07 0.10 0.18 0.25 0.41
2.99 3.70 4.53 5.45 6.12 7.62
0.07 0.07 0.08 0.13 0.17 0.30
2.53 3.09 3.76 4.51 5.03 6.18
0.06 0.04 0.07 0.12 0.18 0.34
2.57 2.94 3.34 3.72 3.97 4.45
0.07 0.06 0.06 0.07 0.08 0.09
2.24 2.75 3.34 3.95 4.35 5.20
0.10 0.08 0.12 0.19 0.26 0.43
2.44 2.91 3.45 3.96 4.29 5.03
0.11 0.06 0.12 0.21 0.28 0.49
2.51 2.92 3.38 3.84 4.14 4.77
0.08 0.04 0.06 0.12 0.16 0.28
2.17 2.62 3.13 3.66 4.01 4.74
0.05 0.04 0.04 0.06 0.09 0.20
1.95 2.38 2.86 3.34 3.65 4.28
0.07 0.04 0.06 0.13 0.17 0.28
3.13 3.58 4.07 4.56 4.86 5.48
0.20 0.30 0.39 0.38 0.34 0.25
4.06 4.43 4.81 5.15 5.35 5.74
0.24 0.25 0.29 0.33 0.35 0.36
3.34 3.80 4.29 4.76 5.05 5.61
0.15 0.17 0.17 0.17 0.17 0.17
2.55 3.24 4.07 4.95 5.54 6.79
0.03 0.03 0.03 0.05 0.07 0.11
2.57 3.25 4.07 4.94 5.52 6.75
0.03 0.03 0.03 0.06 0.08 0.13

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-14 Mean and Percentiles for Usual Daily Intake of
Proline (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 1.34 0.40 0.60 0.80
Both sexes, 7–12 mo 827 2.39 0.70 0.90 1.10
Both sexes, 1–3 y 3,309 3.73 0.90 1.60 2.00
Both sexes, 4–8 y 3,448 4.66 2.93 3.37 3.62
    Standard error 0.07 0.06 0.06 0.06
M, 9–13 y 1,219 6.00 3.49 4.12 4.48
    Standard error 0.14 0.73 0.59 0.50
M, 14–18 y 909 7.00 3.40 4.30 4.80
    Standard error 0.19 0.67 0.57 0.51
M, 19–30 y 1,902 7.31 4.87 5.50 5.85
    Standard error 0.14 1.37 1.06 0.88
M, 31–50 y 2,533 6.54 3.30 4.10 4.50
    Standard error 0.10 0.29 0.25 0.22
M, 51–70 y 1,942 5.65 2.30 3.10 3.60
    Standard error 0.08 0.19 0.16 0.14
M, 71+ y 1,255 4.76 2.03 2.61 2.97
    Standard error 0.08 0.10 0.08 0.07
F, 9–13 y 1,216 4.78 2.93 3.42 3.69
    Standard error 0.09 0.08 0.09 0.09
F, 14–18 y 949 4.48 2.13 2.70 3.03
    Standard error 0.13 0.42 0.35 0.31
F, 19–30 y 1,901 4.54 2.31 2.87 3.19
    Standard error 0.07 0.34 0.27 0.23
F, 31–50 y 2,939 4.45 2.28 2.82 3.13
    Standard error 0.06 0.18 0.15 0.13
F, 51–70 y 2,065 4.03 1.80 2.30 2.61
    Standard error 0.06 0.10 0.10 0.10
F, 71+ y 1,368 3.69 1.67 2.14 2.42
    Standard error 0.06 0.20 0.17 0.15
Pregnant 346 5.81 3.53 4.12 4.45
    Standard error 0.33 0.25 0.27 0.29
Lactating 99 7.01 5.00 5.60 5.91
    Standard error 0.50 0.36 0.37 0.42
Pregnant/lactating 440 6.10 3.72 4.35 4.70
    Standard error 0.22 0.19 0.19 0.20
All individuals 28,575 5.19 2.00 2.70 3.10
    Standard error 0.04 0.07 0.06 0.06
All individuals (+P/L) 29,015 5.21 2.00 2.70 3.10
    Standard error 0.04 0.07 0.06 0.06

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.90 1.20 1.60 2.00 2.50 3.80
1.40 2.00 3.10 4.20 5.00 6.10
2.70 3.50 4.60 5.60 6.40 8.50
4.07 4.61 5.20 5.76 6.12 6.83
0.06 0.07 0.08 0.09 0.10 0.13
5.12 5.89 6.75 7.65 8.24 9.52
0.33 0.15 0.28 0.61 0.86 1.42
5.70 6.80 8.10 9.40 10.30 12.00
0.37 0.22 0.30 0.58 0.79 1.26
6.48 7.23 8.06 8.86 9.37 10.39
0.55 0.17 0.48 1.02 1.39 2.15
5.40 6.40 7.50 8.70 9.60 11.30
0.16 0.10 0.14 0.29 0.40 0.68
4.40 5.40 6.60 8.00 8.90 11.00
0.11 0.09 0.10 0.21 0.30 0.54
3.66 4.56 5.64 6.79 7.55 9.19
0.06 0.07 0.11 0.17 0.22 0.35
4.17 4.73 5.34 5.93 6.31 7.09
0.09 0.09 0.10 0.11 0.12 0.12
3.63 4.39 5.23 6.06 6.59 7.67
0.21 0.13 0.23 0.42 0.56 0.88
3.76 4.45 5.22 6.02 6.54 7.63
0.15 0.08 0.13 0.27 0.38 0.62
3.69 4.36 5.11 5.87 6.37 7.41
0.09 0.06 0.07 0.13 0.18 0.29
3.18 3.91 4.74 5.59 6.14 7.28
0.08 0.06 0.09 0.12 0.15 0.30
2.94 3.60 4.34 5.08 5.57 6.55
0.11 0.07 0.10 0.19 0.27 0.43
5.04 5.75 6.52 7.27 7.74 8.69
0.33 0.36 0.37 0.37 0.36 0.36
6.44 7.02 7.59 8.10 8.40 8.97
0.65 0.53 0.46 0.61 0.63 0.47
5.32 6.05 6.82 7.54 7.99 8.87
0.21 0.23 0.24 0.24 0.25 0.26
3.90 4.90 6.20 7.60 8.50 10.60
0.05 0.04 0.05 0.08 0.11 0.21
3.90 5.00 6.20 7.60 8.50 10.60
0.05 0.04 0.04 0.08 0.12 0.21

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-15 Mean and Percentiles for Usual Daily Intake of
Serine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.93 0.30 0.50 0.50
Both sexes, 7–12 mo 827 1.57 0.50 0.70 0.80
Both sexes, 1–3 y 3,309 2.39 0.60 1.10 1.30
Both sexes, 4–8 y 3,448 2.98 1.77 2.08 2.26
    Standard error 0.05 0.52 0.41 0.34
M, 9–13 y 1,219 3.88 2.31 2.71 2.94
    Standard error 0.11 0.39 0.32 0.27
M, 14–18 y 909 4.58 2.17 2.74 3.08
    Standard error 0.12 0.43 0.38 0.34
M, 19–30 y 1,902 4.91 2.88 3.40 3.68
    Standard error 0.10 0.13 0.13 0.12
M, 31–50 y 2,533 4.53 2.20 2.77 3.11
    Standard error 0.07 0.19 0.16 0.14
M, 51–70 y 1,942 3.96 1.64 2.18 2.51
    Standard error 0.07 0.12 0.10 0.10
M, 71+ y 1,255 3.35 1.54 1.96 2.21
    Standard error 0.05 0.11 0.10 0.09
F, 9–13 y 1,216 3.09 1.86 2.18 2.36
    Standard error 0.05 0.05 0.06 0.06
F, 14–18 y 949 2.93 1.23 1.63 1.86
    Standard error 0.08 0.17 0.14 0.12
F, 19–30 y 1,901 3.06 1.63 1.98 2.18
    Standard error 0.06 0.25 0.20 0.17
F, 31–50 y 2,939 3.06 1.67 2.02 2.22
    Standard error 0.04 0.15 0.13 0.11
F, 51–70 y 2,065 2.78 1.28 1.64 1.85
    Standard error 0.04 0.08 0.08 0.09
F, 71+ y 1,368 2.53 1.14 1.46 1.66
    Standard error 0.04 0.11 0.10 0.09
Pregnant 346 3.77 2.27 2.65 2.86
    Standard error 0.18 0.15 0.15 0.14
Lactating 99 4.59 3.26 3.64 3.85
    Standard error 0.26 0.24 0.25 0.26
Pregnant/lactating 440 3.97 2.40 2.81 3.05
    Standard error 0.15 0.13 0.14 0.14
All individuals 28,575 3.51 1.38 1.84 2.12
    Standard error 0.03 0.05 0.04 0.04
All individuals (+P/L) 29,015 3.52 1.40 1.85 2.14
    Standard error 0.03 0.05 0.04 0.04

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.70 0.80 1.10 1.40 1.70 2.30
1.00 1.40 2.00 2.60 3.00 3.90
1.70 2.20 2.90 3.60 4.10 5.50
2.57 2.94 3.35 3.75 4.01 4.53
0.21 0.06 0.18 0.38 0.52 0.81
3.34 3.82 4.35 4.89 5.26 6.02
0.19 0.11 0.17 0.31 0.42 0.67
3.70 4.48 5.35 6.22 6.78 7.93
0.26 0.15 0.17 0.34 0.48 0.80
4.19 4.82 5.54 6.27 6.75 7.70
0.09 0.13 0.15 0.13 0.13 0.17
3.70 4.42 5.23 6.09 6.68 7.94
0.11 0.07 0.10 0.19 0.26 0.44
3.09 3.82 4.65 5.59 6.26 7.76
0.08 0.08 0.08 0.14 0.20 0.36
2.66 3.22 3.90 4.64 5.16 6.29
0.06 0.05 0.07 0.13 0.19 0.34
2.68 3.06 3.46 3.86 4.11 4.62
0.06 0.05 0.06 0.07 0.08 0.10
2.30 2.85 3.47 4.09 4.49 5.30
0.10 0.09 0.13 0.19 0.25 0.39
2.54 3.01 3.52 4.01 4.33 5.02
0.12 0.06 0.11 0.20 0.28 0.49
2.57 3.01 3.48 3.96 4.27 4.93
0.08 0.04 0.06 0.12 0.16 0.27
2.23 2.70 3.24 3.79 4.16 4.94
0.07 0.04 0.07 0.07 0.09 0.31
2.02 2.46 2.97 3.47 3.80 4.46
0.07 0.04 0.07 0.12 0.16 0.22
3.25 3.72 4.24 4.74 5.06 5.70
0.16 0.21 0.24 0.24 0.24 0.25
4.19 4.59 4.98 5.34 5.55 5.97
0.27 0.28 0.28 0.27 0.27 0.29
3.46 3.94 4.45 4.94 5.24 5.84
0.15 0.16 0.17 0.17 0.17 0.19
2.65 3.34 4.18 5.09 5.73 7.15
0.03 0.03 0.03 0.05 0.08 0.14
2.66 3.35 4.19 5.09 5.73 7.11
0.03 0.03 0.03 0.06 0.08 0.15

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-16 Mean and Percentiles for Usual Daily Intake of
Threonine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.82 0.30 0.40 0.50
Both sexes, 7–12 mo 827 1.33 0.40 0.60 0.70
Both sexes, 1–3 y 3,309 1.97 0.50 0.80 1.10
Both sexes, 4–8 y 3,448 2.46 1.55 1.78 1.91
    Standard error 0.03 0.35 0.27 0.23
M, 9–13 y 1,219 3.21 1.82 2.15 2.35
    Standard error 0.08 0.24 0.20 0.17
M, 14–18 y 909 3.92 1.89 2.37 2.65
    Standard error 0.11 0.52 0.44 0.38
M, 19–30 y 1,902 4.29 2.42 2.87 3.14
    Standard error 0.09 0.08 0.09 0.10
M, 31–50 y 2,533 3.95 1.93 2.41 2.70
    Standard error 0.08 0.19 0.16 0.14
M, 51–70 y 1,942 3.45 1.35 1.83 2.12
    Standard error 0.06 0.09 0.08 0.07
M, 71+ y 1,255 2.86 1.22 1.60 1.82
    Standard error 0.05 0.09 0.08 0.07
F, 9–13 y 1,216 2.57 1.49 1.77 1.92
    Standard error 0.05 0.04 0.04 0.04
F, 14–18 y 949 2.45 0.93 1.29 1.50
    Standard error 0.07 0.15 0.12 0.10
F, 19–30 y 1,901 2.61 1.33 1.64 1.81
    Standard error 0.06 0.21 0.17 0.15
F, 31–50 y 2,939 2.64 1.45 1.75 1.91
    Standard error 0.04 0.16 0.13 0.11
F, 51–70 y 2,065 2.40 1.12 1.42 1.60
    Standard error 0.03 0.08 0.07 0.07
F, 71+ y 1,368 2.17 0.95 1.25 1.42
    Standard error 0.04 0.10 0.08 0.08
Pregnant 346 3.22 1.93 2.28 2.48
    Standard error 0.20 0.21 0.24 0.27
Lactating 99 3.88 2.72 3.04 3.22
    Standard error 0.21 0.18 0.19 0.20
Pregnant/lactating 440 3.36 1.99 2.34 2.54
    Standard error 0.13 0.11 0.11 0.12
All individuals 28,575 3.01 1.16 1.55 1.79
    Standard error 0.03 0.04 0.04 0.04
All individuals (+P/L) 29,015 3.02 1.18 1.56 1.80
    Standard error 0.03 0.05 0.04 0.04

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.60 0.70 0.90 1.20 1.50 2.10
0.90 1.20 1.60 2.20 2.60 3.50
1.40 1.80 2.40 3.00 3.50 4.50
2.15 2.43 2.74 3.05 3.24 3.62
0.14 0.04 0.12 0.26 0.35 0.54
2.71 3.15 3.65 4.15 4.47 5.12
0.12 0.07 0.12 0.22 0.31 0.58
3.17 3.82 4.56 5.30 5.78 6.76
0.27 0.13 0.20 0.44 0.60 0.97
3.62 4.21 4.87 5.53 5.95 6.81
0.10 0.09 0.10 0.11 0.12 0.16
3.21 3.85 4.57 5.30 5.81 6.90
0.11 0.10 0.11 0.19 0.26 0.43
2.64 3.29 4.08 4.98 5.62 7.07
0.07 0.07 0.08 0.13 0.17 0.29
2.23 2.74 3.36 4.06 4.56 5.67
0.06 0.05 0.06 0.11 0.16 0.29
2.20 2.54 2.91 3.27 3.49 3.95
0.05 0.05 0.06 0.07 0.08 0.09
1.89 2.37 2.93 3.51 3.90 4.74
0.08 0.07 0.11 0.18 0.25 0.43
2.13 2.55 3.02 3.47 3.76 4.41
0.11 0.06 0.10 0.19 0.26 0.48
2.22 2.59 3.01 3.43 3.70 4.29
0.08 0.04 0.06 0.13 0.18 0.31
1.93 2.33 2.79 3.27 3.58 4.24
0.05 0.04 0.05 0.07 0.09 0.19
1.72 2.10 2.54 2.99 3.30 3.94
0.06 0.04 0.05 0.10 0.14 0.27
2.80 3.17 3.58 4.01 4.30 4.92
0.32 0.28 0.25 0.27 0.27 0.27
3.52 3.87 4.23 4.57 4.77 5.17
0.21 0.22 0.23 0.23 0.24 0.27
2.90 3.32 3.78 4.22 4.49 5.04
0.12 0.13 0.14 0.14 0.15 0.16
2.24 2.85 3.60 4.41 4.99 6.27
0.03 0.03 0.03 0.05 0.08 0.13
2.26 2.87 3.61 4.41 4.98 6.23
0.03 0.03 0.03 0.05 0.08 0.14

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-17 Mean and Percentiles for Usual Daily Intake of
Tryptophan (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.25 0.10 0.10 0.10
Both sexes, 7–12 mo 827 0.41 0.10 0.20 0.20
Both sexes, 1–3 y 3,309 0.62 0.10 0.30 0.30
Both sexes, 4–8 y 3,448 0.77 0.47 0.54 0.58
    Standard error 0.01 0.15 0.12 0.10
M, 9–13 y 1,219 1.00 0.55 0.66 0.72
    Standard error 0.02 0.09 0.08 0.07
M, 14–18 y 909 1.20 0.56 0.71 0.80
    Standard error 0.03 0.26 0.21 0.18
M, 19–30 y 1,902 1.28 0.74 0.88 0.96
    Standard error 0.03 0.05 0.06 0.06
M, 31–50 y 2,533 1.18 0.61 0.76 0.84
    Standard error 0.02 0.12 0.10 0.09
M, 51–70 y 1,942 1.04 0.41 0.56 0.64
    Standard error 0.02 0.03 0.02 0.02
M, 71+ y 1,255 0.87 0.38 0.49 0.56
    Standard error 0.01 0.03 0.03 0.03
F, 9–13 y 1,216 0.80 0.47 0.56 0.61
    Standard error 0.01 0.01 0.02 0.02
F, 14–18 y 949 0.76 0.33 0.43 0.50
    Standard error 0.02 0.05 0.04 0.04
F, 19–30 y 1,901 0.80 0.42 0.51 0.56
    Standard error 0.02 0.06 0.06 0.05
F, 31–50 y 2,939 0.80 0.43 0.52 0.57
    Standard error 0.01 0.05 0.04 0.03
F, 51–70 y 2,065 0.73 0.34 0.43 0.49
    Standard error 0.01 0.02 0.02 0.02
F, 71+ y 1,368 0.67 0.31 0.40 0.45
    Standard error 0.01 0.04 0.03 0.02
Pregnant 346 0.99 0.59 0.69 0.75
    Standard error 0.04 0.07 0.11 0.11
Lactating 99 1.22 0.87 0.97 1.03
    Standard error 0.07 0.07 0.07 0.07
Pregnant/lactating 440 1.05 0.63 0.74 0.80
    Standard error 0.04 0.04 0.03 0.04
All individuals 28,575 0.91 0.36 0.48 0.55
    Standard error 0.01 0.02 0.01 0.01
All individuals (+P/L) 29,015 0.91 0.37 0.48 0.56
    Standard error 0.01 0.02 0.02 0.01

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.20 0.20 0.30 0.40 0.50 0.60
0.30 0.40 0.50 0.70 0.80 1.00
0.40 0.60 0.80 0.90 1.10 1.40
0.66 0.76 0.86 0.96 1.03 1.16
0.06 0.02 0.05 0.11 0.16 0.23
0.84 0.98 1.14 1.30 1.41 1.62
0.05 0.02 0.04 0.08 0.10 0.15
0.97 1.17 1.40 1.63 1.77 2.07
0.12 0.04 0.10 0.22 0.30 0.48
1.09 1.26 1.45 1.64 1.76 2.02
0.03 0.03 0.05 0.05 0.04 0.05
0.98 1.15 1.35 1.55 1.69 1.98
0.06 0.03 0.04 0.11 0.15 0.25
0.80 1.00 1.23 1.49 1.68 2.11
0.02 0.02 0.02 0.04 0.05 0.10
0.68 0.84 1.02 1.23 1.37 1.69
0.02 0.01 0.03 0.03 0.05 0.13
0.69 0.79 0.90 1.00 1.07 1.20
0.02 0.02 0.02 0.02 0.02 0.02
0.61 0.74 0.89 1.05 1.16 1.37
0.03 0.02 0.03 0.05 0.07 0.11
0.66 0.78 0.92 1.06 1.14 1.33
0.04 0.02 0.03 0.07 0.09 0.14
0.66 0.78 0.91 1.04 1.13 1.31
0.02 0.01 0.02 0.04 0.05 0.09
0.59 0.71 0.85 0.99 1.08 1.28
0.01 0.01 0.01 0.02 0.03 0.05
0.54 0.65 0.78 0.90 0.98 1.16
0.02 0.01 0.02 0.03 0.04 0.08
0.85 0.98 1.12 1.25 1.34 1.51
0.09 0.04 0.09 0.13 0.13 0.09
1.12 1.22 1.32 1.41 1.47 1.57
0.07 0.07 0.09 0.10 0.10 0.10
0.91 1.04 1.18 1.30 1.38 1.54
0.04 0.04 0.04 0.04 0.04 0.05
0.69 0.87 1.09 1.32 1.48 1.80
0.01 0.01 0.01 0.02 0.03 0.04
0.69 0.88 1.09 1.32 1.47 1.79
0.01 0.01 0.01 0.02 0.03 0.04

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-18 Mean and Percentiles for Usual Daily Intake of
Tyrosine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 0.78 0.30 0.40 0.40
Both sexes, 7–12 mo 827 1.29 0.40 0.50 0.60
Both sexes, 1–3 y 3,309 1.90 0.40 0.80 1.00
Both sexes, 4–8 y 3,448 2.37 1.48 1.71 1.84
    Standard error 0.03 0.41 0.32 0.26
M, 9–13 y 1,219 3.09 1.79 2.12 2.31
    Standard error 0.08 0.26 0.21 0.18
M, 14–18 y 909 3.69 1.85 2.29 2.55
    Standard error 0.10 0.39 0.33 0.29
M, 19–30 y 1,902 4.00 2.29 2.71 2.96
    Standard error 0.08 0.07 0.07 0.07
M, 31–50 y 2,533 3.62 1.75 2.21 2.47
    Standard error 0.06 0.16 0.14 0.12
M, 51–70 y 1,942 3.11 1.22 1.65 1.91
    Standard error 0.05 0.07 0.07 0.06
M, 71+ y 1,255 2.59 1.11 1.45 1.65
    Standard error 0.04 0.08 0.07 0.06
F, 9–13 y 1,216 2.47 1.47 1.73 1.87
    Standard error 0.04 0.05 0.06 0.06
F, 14–18 y 949 2.33 0.99 1.30 1.49
    Standard error 0.06 0.21 0.18 0.15
F, 19–30 y 1,901 2.43 1.23 1.52 1.69
    Standard error 0.05 0.21 0.17 0.15
F, 31–50 y 2,939 2.41 1.30 1.58 1.73
    Standard error 0.03 0.11 0.09 0.08
F, 51–70 y 2,065 2.17 0.98 1.26 1.42
    Standard error 0.03 0.06 0.06 0.05
F, 71+ y 1,368 1.96 0.83 1.09 1.24
    Standard error 0.04 0.09 0.08 0.07
Pregnant 346 2.97 1.88 2.18 2.33
    Standard error 0.23 0.41 0.41 0.30
Lactating 99 3.63 2.56 2.87 3.03
    Standard error 0.22 0.33 0.45 0.46
Pregnant/lactating 440 3.15 1.90 2.23 2.41
    Standard error 0.12 0.10 0.11 0.11
All individuals 28,575 2.78 1.09 1.44 1.66
    Standard error 0.02 0.04 0.04 0.03
All individuals (+P/L) 29,015 2.79 1.10 1.46 1.68
    Standard error 0.02 0.04 0.04 0.04

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating
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25th 50th 75th 90th 95th 99th

0.60 0.70 0.90 1.10 1.40 2.10
0.80 1.10 1.60 2.10 2.60 3.20
1.40 1.80 2.30 3.00 3.30 4.30
2.07 2.35 2.65 2.94 3.13 3.50
0.16 0.04 0.14 0.30 0.40 0.61
2.64 3.04 3.48 3.94 4.24 4.87
0.13 0.09 0.10 0.18 0.25 0.41
3.03 3.62 4.28 4.93 5.35 6.21
0.21 0.12 0.16 0.32 0.44 0.72
3.40 3.94 4.54 5.13 5.51 6.28
0.07 0.08 0.09 0.10 0.11 0.13
2.94 3.52 4.18 4.88 5.36 6.38
0.09 0.07 0.09 0.16 0.23 0.39
2.38 2.97 3.68 4.49 5.06 6.33
0.06 0.05 0.06 0.10 0.14 0.26
2.01 2.48 3.04 3.66 4.10 5.07
0.05 0.04 0.05 0.09 0.13 0.23
2.13 2.44 2.77 3.09 3.30 3.72
0.05 0.05 0.06 0.07 0.07 0.06
1.83 2.27 2.75 3.24 3.55 4.17
0.11 0.07 0.12 0.21 0.28 0.43
1.99 2.37 2.81 3.24 3.52 4.14
0.10 0.05 0.10 0.19 0.26 0.46
2.02 2.37 2.76 3.15 3.40 3.94
0.06 0.03 0.05 0.09 0.13 0.21
1.73 2.11 2.55 2.99 3.28 3.87
0.04 0.03 0.04 0.06 0.08 0.13
1.53 1.90 2.32 2.75 3.02 3.58
0.05 0.04 0.05 0.10 0.13 0.21
2.57 2.89 3.30 3.74 4.03 4.60
0.17 0.42 0.45 0.31 0.23 0.25
3.31 3.63 3.95 4.24 4.42 4.75
0.38 0.24 0.27 0.36 0.38 0.33
2.74 3.12 3.54 3.94 4.18 4.67
0.12 0.13 0.13 0.13 0.14 0.15
2.09 2.66 3.34 4.06 4.55 5.59
0.03 0.02 0.03 0.04 0.06 0.10
2.10 2.67 3.34 4.06 4.54 5.55
0.03 0.02 0.03 0.05 0.07 0.11

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE D-19 Mean and Percentiles for Usual Daily Intake of
Valine (g), United States, NHANES III (1988–1994)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 2–6 mo 793 1.04 0.40 0.50 0.60
Both sexes, 7–12 mo 827 1.80 0.50 0.70 0.90
Both sexes, 1–3 y 3,309 2.70 0.60 1.10 1.50
Both sexes, 4–8 y 3,448 3.36 2.08 2.40 2.59
    Standard error 0.05 0.60 0.47 0.39
M, 9–13 y 1,219 4.33 2.59 3.04 3.29
    Standard error 0.09 0.40 0.33 0.28
M, 14–18 y 909 5.18 2.52 3.15 3.53
    Standard error 0.14 0.54 0.46 0.41
M, 19–30 y 1,902 5.63 3.23 3.82 4.16
    Standard error 0.11 0.09 0.10 0.10
M, 31–50 y 2,533 5.17 2.57 3.19 3.56
    Standard error 0.10 0.25 0.22 0.19
M, 51–70 y 1,942 4.51 1.81 2.42 2.79
    Standard error 0.08 0.12 0.10 0.10
M, 71+ y 1,255 3.76 1.59 2.09 2.39
    Standard error 0.06 0.11 0.09 0.08
F, 9–13 y 1,216 3.48 2.06 2.42 2.63
    Standard error 0.06 0.06 0.06 0.06
F, 14–18 y 949 3.31 1.33 1.80 2.08
    Standard error 0.09 0.26 0.21 0.18
F, 19–30 y 1,901 3.47 1.78 2.19 2.42
    Standard error 0.07 0.27 0.22 0.19
F, 31–50 y 2,939 3.48 1.91 2.30 2.52
    Standard error 0.05 0.21 0.17 0.14
F, 51–70 y 2,065 3.16 1.45 1.86 2.10
    Standard error 0.04 0.08 0.07 0.07
F, 71+ y 1,368 2.88 1.25 1.63 1.86
    Standard error 0.05 0.16 0.14 0.12
Pregnant 346 4.25 2.75 3.09 3.24
    Standard error 0.26 0.53 0.23 0.41
Lactating 99 5.19 3.66 4.10 4.33
    Standard error 0.31 0.29 0.33 0.33
Pregnant/lactating 440 4.51 2.71 3.17 3.43
    Standard error 0.17 0.14 0.15 0.15
All individuals 28,575 3.98 1.54 2.06 2.39
    Standard error 0.03 0.05 0.05 0.05
All individuals (+P/L) 29,015 3.99 1.56 2.08 2.41
    Standard error 0.03 0.06 0.05 0.05

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour
dietary recall on Day 1. The intake distributions for infants 2–6 and 7–12 months of
age and children 1–3 years of age are unadjusted. Means and percentiles for these
groups were computed using SAS PROC UNIVARIATE. For all other groups, data
were adjusted using the Iowa State University method. Means, standard errors, and
percentiles were obtained using C-Side. Standard errors were estimated via jackknife
replication. Each standard error has 49 degrees of freedom. Infants and children fed
human milk and females who had “blank but applicable” pregnancy and lactating



APPENDIX D 1027

25th 50th 75th 90th 95th 99th

0.80 0.90 1.20 1.50 1.90 2.90
1.10 1.60 2.20 3.00 3.60 4.40
1.90 2.50 3.30 4.10 4.70 6.30
2.92 3.32 3.75 4.17 4.43 4.96
0.23 0.06 0.20 0.43 0.58 0.89
3.73 4.26 4.85 5.45 5.84 6.65
0.19 0.10 0.18 0.33 0.45 0.74
4.21 5.07 6.02 6.98 7.60 8.85
0.30 0.17 0.23 0.45 0.62 1.02
4.78 5.54 6.37 7.20 7.73 8.79
0.10 0.12 0.13 0.15 0.15 0.19
4.23 5.05 5.96 6.90 7.55 8.95
0.14 0.15 0.14 0.23 0.32 0.53
3.47 4.32 5.32 6.45 7.27 9.14
0.09 0.08 0.09 0.15 0.20 0.39
2.93 3.60 4.41 5.32 5.97 7.41
0.07 0.06 0.07 0.13 0.18 0.33
3.00 3.44 3.91 4.37 4.66 5.24
0.06 0.07 0.07 0.08 0.09 0.10
2.59 3.21 3.92 4.66 5.15 6.18
0.13 0.09 0.14 0.27 0.38 0.67
2.85 3.40 4.01 4.60 4.98 5.82
0.13 0.07 0.13 0.24 0.33 0.59
2.93 3.42 3.97 4.51 4.87 5.63
0.10 0.05 0.08 0.17 0.23 0.40
2.53 3.08 3.70 4.34 4.77 5.67
0.05 0.05 0.05 0.08 0.11 0.17
2.28 2.80 3.40 4.00 4.39 5.17
0.09 0.05 0.08 0.16 0.23 0.36
3.57 4.14 4.83 5.45 5.80 6.53
0.58 0.36 0.80 0.67 0.41 0.32
4.73 5.18 5.64 6.05 6.31 6.79
0.33 0.33 0.35 0.37 0.37 0.37
3.90 4.46 5.06 5.64 6.00 6.72
0.16 0.18 0.19 0.19 0.20 0.22
2.99 3.78 4.75 5.80 6.55 8.19
0.04 0.03 0.04 0.06 0.09 0.15
3.00 3.80 4.77 5.80 6.54 8.15
0.04 0.03 0.04 0.06 0.09 0.17

status data or who responded “I don’t know” to questions on pregnancy and lactating
status were excluded from all analyses. Females who were both pregnant and lactating
were included in both the Pregnant and Lactating categories. The sample sizes for
the Pregnant and Lactating categories were very small so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Health and Human Services, National Center for
Health Statistics (NCHS), corrected data set (errata submitted to NCHS September 2001).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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E
Dietary Intake Data from the
Continuing Survey of Food

Intakes by Individuals (CSFII),
1994–1996, 1998

TABLE E-1 Mean and Percentiles for Usual Daily Intake of
Energy (kcal), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 718 351 450 508
  Standard error 10 20 15 14
Both sexes, 7–12 mo 530 999 538 657 725
  Standard error 16 24 19 17
Both sexes, 1–3 y 3,949 1,404 730 905 999
  Standard error 9 10 9 8
Both sexes, 4–8 y 3,935 1,789 1,047 1,243 1,345
  Standard error 13 21 15 15
M, 9–13 y 595 2,265 1,289 1,550 1,694
  Standard error 40 63 53 48
M, 14–18 y 474 2,840 1,344 1,676 1,877
  Standard error 68 82 69 64
M, 19–30 y 920 2,818 1,223 1,607 1,834
  Standard error 55 56 56 56
M, 31–50 y 1,806 2,554 1,180 1,512 1,695
  Standard error 34 30 23 30
M, 51–70 y 1,680 2,162 962 1,257 1,430
  Standard error 29 74 27 43
M, 71+ y 722 1,821 794 1,033 1,176
  Standard error 28 64 36 29
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25th 50th 75th 90th 95th 99th

597 687 810 966 1,083 1,352
10 13 12 19 29 61

843 976 1,128 1,300 1,422 1,685
15 15 20 30 40 66

1,162 1,372 1,612 1,849 2,007 2,350
8 9 11 13 16 27

1,534 1,759 2,012 2,272 2,435 2,792
12 12 17 21 32 41

1,940 2,226 2,545 2,885 3,118 3,619
42 41 47 63 79 123

2,256 2,748 3,324 3,923 4,322 5,159
57 70 106 132 155 270

2,236 2,718 3,284 3,921 4,374 5,378
56 56 67 96 126 216

2,032 2,476 2,984 3,500 3,859 4,703
30 32 47 69 89 154

1,738 2,109 2,525 2,959 3,250 3,856
55 29 66 51 66 259

1,440 1,773 2,150 2,527 2,771 3,268
28 31 49 55 68 155

continued
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TABLE E-1 Continued

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

F, 9–13 y 606 1,910 1,103 1,298 1,412
  Standard error 35 34 29 28
F, 14–18 y 449 1,901 1,016 1,238 1,365
  Standard error 51 112 95 100
F, 19–30 y 808 1,791 896 1,115 1,242
  Standard error 31 45 41 39
F, 31–50 y 1,690 1,694 809 1,040 1,171
  Standard error 17 21 20 19
F, 51–70 y 1,605 1,536 755 952 1,065
  Standard error 19 22 19 19
F, 71+ y 670 1,381 677 851 952
  Standard error 22 49 25 29
Pregnant 81 1,986 1,173 1,401 1,525
  Standard error 153 187 153 142
Lactating 44 2,138 1,126 1,346 1,479
  Standard error 155 279 243 221
Pregnant/lactating 124 2,115 1,188 1,425 1,560
  Standard error 65 112 102 96
All individuals 21,035 2,007 749 1,005 1,166
  Standard error 14 8 7 8
All individuals (+P/L) 21,159 2,009 751 1,008 1,169
  Standard error 14 7 7 8

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

1,619 1,877 2,164 2,452 2,637 3,015
27 32 45 63 77 109

1,594 1,872 2,177 2,473 2,661 3,034
92 55 64 72 77 193

1,473 1,757 2,073 2,384 2,582 2,979
34 30 43 56 63 89

1,396 1,659 1,953 2,262 2,471 2,910
18 17 20 25 30 48

1,266 1,507 1,772 2,040 2,218 2,587
17 18 22 31 37 49

1,134 1,356 1,602 1,842 1,994 2,298
34 23 36 33 40 118

1,736 1,978 2,227 2,458 2,599 2,869
138 155 190 230 258 312

1,733 2,066 2,463 2,887 3,174 3,796
188 170 206 306 396 632

1,799 2,088 2,402 2,706 2,897 3,274
84 69 67 90 114 176

1479 1,903 2,423 2,984 3,366 4,188
9 13 18 27 34 51

1,482 1,905 2,423 2,983 3,363 4,180
9 12 18 26 33 51

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-2 Mean and Percentiles for Usual Daily Intake of
Carbohydrate (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 85 39 49 55
  Standard error 1 4 2 1
Both sexes, 7–12 mo 530 134 72 86 94
  Standard error 2 3 2 2
Both sexes, 1–3 y 3,949 191 93 117 131
  Standard error 1 1 1 1
Both sexes, 4–8 y 3,935 244 139 167 181
  Standard error 2 3 2 2
M, 9–13 y 595 306 164 198 218
  Standard error 6 9 7 7
M, 14–18 y 474 379 168 214 242
  Standard error 10 10 9 8
M, 19–30 y 920 345 140 189 216
  Standard error 7 7 7 6
M, 31–50 y 1,806 308 126 169 195
  Standard error 5 4 4 4
M, 51–70 y 1,680 262 99 139 162
  Standard error 4 4 4 4
M, 71+ y 722 230 92 123 142
  Standard error 4 5 4 4
F, 9–13 y 606 263 142 171 188
  Standard error 6 4 4 4
F, 14–18 y 449 259 122 154 174
  Standard error 7 11 10 10
F, 19–30 y 808 234 101 133 152
  Standard error 4 7 7 8
F, 31–50 y 1,690 215 87 118 137
  Standard error 2 3 3 3
F, 51–70 y 1,605 195 86 112 127
  Standard error 2 3 2 2
F, 71+ y 670 182 78 103 118
  Standard error 3 4 3 3
Pregnant 81 277 158 188 206
  Standard error 12 25 20 18
Lactating 44 294 135 171 193
  Standard error 27 54 47 42
Pregnant/lactating 124 285 143 177 197
  Standard error 11 20 18 17
All individuals 21,035 256 89 123 145
  Standard error 2 1 1 1
All individuals (+P/L) 21,159 256 89 123 145
  Standard error 2 1 1 1

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

67 81 98 120 136 173
2 1 3 3 5 15

110 131 155 179 195 230
2 2 3 4 5 9

156 186 221 257 281 330
1 1 2 2 3 4

208 241 276 311 335 386
2 2 2 3 3 6

255 300 350 400 432 497
7 6 9 11 13 26

295 365 448 535 594 717
8 9 12 17 20 30

266 331 408 488 545 677
6 6 9 11 15 31

241 297 363 435 485 592
4 4 6 8 11 17

204 255 311 371 412 498
4 4 5 6 8 12

177 222 274 328 362 434
4 4 5 7 8 12

219 257 301 345 374 432
4 5 7 10 13 18

209 253 303 352 384 448
8 8 8 11 14 20

186 229 276 323 353 413
8 4 8 8 9 25

170 210 254 300 331 393
2 2 2 3 3 6

155 191 230 270 295 346
2 2 3 5 6 8

145 178 216 252 276 323
3 3 4 5 6 9

237 274 314 354 378 428
14 12 15 20 25 35

233 285 344 405 444 526
35 30 37 56 71 109

234 279 330 379 411 474
14 11 12 18 24 38

187 243 311 384 433 537
1 2 2 3 4 6

187 243 312 385 433 537
1 2 2 3 4 6

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-3 Mean and Percentiles for Usual Daily Percentage
of Total Energy from Carbohydrate, United States, CSFII
(1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 47.3 40.0 41.3 42.0
  Standard error 0.4 0.3 0.3 0.3
Both sexes, 7–12 mo 530 54.2 41.2 44.6 46.5
  Standard error 0.4 0.7 0.6 0.5
Both sexes, 1–3 y 3,949 54.8 41.9 45.7 47.7
  Standard error 0.2 0.4 0.3 0.3
Both sexes, 4–8 y 3,935 55.0 44.5 47.6 49.3
  Standard error 0.2 0.4 0.4 0.4
M, 9–13 y 595 54.1 45.8 48.2 49.5
  Standard error 0.4 0.9 0.7 0.6
M, 14–18 y 474 53.7 43.3 46.3 47.9
  Standard error 0.4 1.1 0.9 0.7
M, 19–30 y 920 49.8 36.9 40.8 42.9
  Standard error 0.4 1.0 0.8 0.7
M, 31–50 y 1,805 49.0 34.4 38.8 41.1
  Standard error 0.2 0.6 0.4 0.4
M, 51–70 y 1,680 49.0 31.9 37.1 39.8
  Standard error 0.3 0.7 0.4 0.4
M, 71+ y 722 50.8 34.0 39.0 41.6
  Standard error 0.4 0.7 0.6 0.5
F, 9–13 y 606 55.2 44.6 47.7 49.4
  Standard error 0.4 0.6 0.5 0.4
F, 14–18 y 449 54.7 42.5 46.0 47.9
  Standard error 0.6 1.1 0.9 0.8
F, 19–30 y 806 52.8 36.3 41.1 43.7
  Standard error 0.4 1.1 0.8 0.7
F, 31–50 y 1,689 51.5 35.2 40.1 42.6
  Standard error 0.3 0.7 0.5 0.5
F, 51–70 y 1,605 51.5 35.9 40.3 42.8
  Standard error 0.3 0.7 0.6 0.5
F, 71+ y 669 53.1 37.5 42.0 44.5
  Standard error 0.5 1.0 0.8 0.7
Pregnant 81 53.0 44.1 46.5 47.9
  Standard error 1.3 3.8 2.9 2.5
Lactating 44 53.0 41.3 45.0 46.9
  Standard error 3.2 8.9 6.0 4.7
Pregnant/lactating 124 53.5 44.4 47.1 48.5
  Standard error 0.9 3.7 2.7 2.2
All individuals 21,030 51.8 36.0 40.6 43.0
  Standard error 0.1 0.3 0.2 0.2
All individuals (+P/L) 21,154 51.8 36.0 40.6 43.1
  Standard error 0.1 0.2 0.2 0.2

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day. The Iowa
State University (ISU) method was used to estimate individual usual intakes of energy
from carbohydrate and total energy. One g of carbohydrate was assumed to provide 4
kcal of energy. A modification of the ISU method was then used to estimate the distri-
bution of the nutrient density (Goyeneche JJ, Carriquiry A, Fuller WA. 1997. Estimating
bivariate usual intake distributions. ASA Proceedings of the Biometrics Section. Alexandria,
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25th 50th 75th 90th 95th 99th

43.3 45.1 50.1 55.0 58.7 68.6
0.2 0.3 0.6 0.8 1.1 2.2

49.9 53.9 58.2 62.3 64.8 69.9
0.5 0.4 0.5 0.6 0.8 1.2

51.0 54.7 58.4 61.8 64.0 68.2
0.2 0.2 0.2 0.3 0.3 0.4

52.0 55.0 58.1 60.8 62.5 65.7
0.4 0.2 0.3 0.3 0.3 0.4

51.7 54.1 56.4 58.6 59.9 62.3
0.5 0.4 0.5 0.7 0.8 1.0

50.6 53.6 56.7 59.5 61.3 64.5
0.6 0.5 0.5 0.7 0.8 1.2

46.2 49.8 53.4 56.7 58.8 63.1
0.5 0.4 0.4 0.6 0.7 1.0

44.8 48.9 53.0 57.0 59.5 64.4
0.3 0.3 0.3 0.4 0.5 0.7

44.2 49.0 53.8 58.4 61.2 66.7
0.4 0.3 0.5 0.5 0.6 0.9

46.1 50.9 55.7 59.9 62.5 67.2
0.5 0.4 0.5 0.6 0.6 0.8

52.1 55.2 58.3 61.0 62.6 65.7
0.4 0.4 0.5 0.5 0.6 0.7

51.1 54.6 58.2 61.4 63.4 67.0
0.7 0.6 0.8 1.0 1.1 1.4

48.0 52.8 57.6 62.0 64.6 69.6
0.6 0.5 0.5 0.6 0.8 1.1

46.8 51.3 56.0 60.4 63.2 68.9
0.4 0.3 0.3 0.5 0.6 0.8

46.8 51.5 56.1 60.4 62.9 67.8
0.4 0.3 0.4 0.5 0.6 0.8

48.6 53.1 57.6 61.6 64.0 68.5
0.5 0.4 0.5 0.6 0.7 0.9

50.2 52.9 55.7 58.4 60.0 63.2
1.8 1.3 1.8 2.7 3.4 4.8

50.0 53.2 56.2 58.7 60.1 62.7
3.2 3.3 4.5 5.9 6.6 7.9

50.9 53.5 56.2 58.6 60.0 62.7
1.5 0.9 1.1 1.8 2.2 3.1

47.1 51.7 56.3 60.5 63.1 67.8
0.1 0.1 0.1 0.1 0.2 0.2

47.1 51.7 56.4 60.5 63.1 67.8
0.1 0.1 0.1 0.1 0.2 0.2

VA: American Statistical Association). Infants and children fed human milk and five
individuals who had no food intake for the day were excluded from the analyses. One
female was pregnant and lactating and was included in both the Pregnant and Lactat-
ing categories. The sample sizes for the Pregnant and Lactating categories were very
small, so their estimates of usual intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-4 Mean and Percentiles for Usual Daily Intake of
Dietary Fiber (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 578 1.4 —b — —
Both sexes, 7–12 mo 530 5.7 0.9 1.9 2.5
  Standard error 0.2 0.2 0.2 0.2
Both sexes, 1–3 y 3,949 9.5 3.5 4.8 5.6
  Standard error 0.1 0.1 0.1 0.1
Both sexes, 4–8 y 3,935 12.2 6.0 7.4 8.3
  Standard error 0.1 0.1 0.1 0.1
M, 9–13 y 595 15.2 6.9 8.7 9.9
  Standard error 0.4 0.4 0.4 0.4
M, 14–18 y 474 17.7 7.6 9.8 11.1
  Standard error 0.6 0.6 0.5 0.5
M, 19–30 y 920 18.5 5.9 8.5 10.1
  Standard error 0.4 0.4 0.4 0.4
M, 31–50 y 1,806 18.9 6.7 9.3 10.9
  Standard error 0.3 0.2 0.2 0.2
M, 51–70 y 1,680 18.5 5.5 8.2 9.9
  Standard error 0.3 0.3 0.3 0.3
M, 71+ y 722 17.5 4.9 7.4 9.0
  Standard error 0.4 0.4 0.4 0.4
F, 9–13 y 606 12.9 6.4 7.9 8.8
  Standard error 0.2 0.4 0.3 0.3
F, 14–18 y 449 12.8 5.9 7.6 8.6
  Standard error 0.5 0.6 0.6 0.6
F, 19–30 y 808 12.7 4.7 6.5 7.6
  Standard error 0.3 0.3 0.3 0.3
F, 31–50 y 1,690 13.8 4.5 6.5 7.7
  Standard error 0.2 0.3 0.2 0.3
F, 51–70 y 1,605 14.4 5.1 7.1 8.3
  Standard error 0.2 0.2 0.2 0.2
F, 71+ y 670 14.0 4.3 6.3 7.6
  Standard error 0.3 0.3 0.3 0.3
Pregnant 81 16.2 7.1 9.0 10.2
  Standard error 1.0 1.3 1.2 1.2
Lactating 44 19.3 7.0 9.5 11.0
  Standard error 1.4 1.9 1.9 1.9
Pregnant/lactating 124 17.7 6.7 9.0 10.4
  Standard error 0.8 0.9 0.9 0.9
All individuals 21,035 15.1 3.6 5.7 7.1
  Standard error 0.1 0.1 0.1 0.1
All individuals (+P/L) 21,159 15.2 3.6 5.7 7.1
  Standard error 0.1 0.1 0.1 0.1

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.05.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

— 0.2 2.1 5.2 6.0 8.7
3.8 5.4 7.3 9.2 10.4 12.8
0.2 0.2 0.2 0.2 0.3 0.4
7.1 9.1 11.4 13.8 15.5 19.2
0.1 0.1 0.1 0.2 0.2 0.4
9.8 11.8 14.1 16.4 18.0 21.4
0.1 0.1 0.2 0.2 0.3 0.4

11.9 14.6 17.7 21.2 23.7 29.4
0.3 0.3 0.4 0.7 0.9 1.5

13.7 17.0 20.9 25.0 27.8 33.6
0.5 0.6 0.8 1.0 1.3 1.8

13.2 17.4 22.5 28.2 32.3 41.4
0.4 0.4 0.5 0.8 1.0 1.6

14.0 17.9 22.7 28.0 31.6 39.6
0.2 0.3 0.4 0.6 0.8 1.2

13.2 17.5 22.7 28.3 32.2 40.6
0.3 0.3 0.4 0.6 0.8 1.3

12.2 16.5 21.8 27.3 31.0 38.9
0.4 0.4 0.6 0.9 1.1 1.7

10.4 12.6 15.0 17.6 19.2 22.7
0.3 0.2 0.3 0.4 0.6 1.5

10.3 12.5 14.9 17.5 19.2 23.0
0.6 0.5 0.6 0.8 0.9 1.5
9.6 12.1 15.2 18.4 20.7 25.5
0.3 0.3 0.4 0.5 0.7 1.1

10.0 13.1 16.8 20.7 23.3 28.8
0.3 0.2 0.4 0.4 0.7 2.3

10.7 13.8 17.5 21.2 23.7 28.8
0.2 0.2 0.3 0.4 0.5 0.7

10.1 13.3 17.2 21.3 24.0 29.6
0.3 0.3 0.4 0.6 0.7 1.1

12.5 15.6 19.2 23.1 25.7 31.1
1.1 1.0 1.2 1.7 2.1 3.1

14.1 18.3 23.4 28.9 32.8 41.1
1.8 1.7 1.8 2.9 4.1 7.3

13.2 16.9 21.3 26.0 29.2 35.9
0.8 0.9 1.1 1.5 2.0 3.1
9.9 14.0 19.1 24.7 28.5 36.8
0.1 0.1 0.2 0.3 0.3 0.6

10.0 14.0 19.1 24.7 28.6 36.9
0.1 0.1 0.2 0.3 0.4 0.6

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-5 Mean and Percentiles for Usual Daily Intake of
Total Fat (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 34.8 15.0 21.5 24.8
  Standard error 0.6 1.1 1.1 1.0
Both sexes, 7–12 mo 530 39.5 17.4 23.8 27.2
  Standard error 0.8 1.3 1.5 1.0
Both sexes, 1–3 y 3,949 51.0 23.3 30.1 33.8
  Standard error 0.5 0.6 0.4 0.6
Both sexes, 4–8 y 3,935 65.4 35.0 42.0 46.0
  Standard error 0.7 0.8 0.7 0.7
M, 9–13 y 595 84.0 47.0 56.0 62.0
  Standard error 1.6 2.7 2.2 2.0
M, 14–18 y 474 105.6 45.0 59.0 67.0
  Standard error 2.8 3.8 5.2 5.5
M, 19–30 y 920 103.7 42.0 56.0 65.0
  Standard error 2.3 2.8 2.8 2.7
M, 31–50 y 1,806 97.4 37.0 51.0 59.0
  Standard error 1.6 1.7 1.4 1.0
M, 51–70 y 1,680 82.6 29.0 40.0 48.0
  Standard error 1.4 1.0 1.0 1.0
M, 71+ y 722 67.9 24.0 33.0 39.0
  Standard error 1.5 1.2 1.2 1.1
F, 9–13 y 606 69.5 37.0 45.0 49.0
  Standard error 1.2 1.8 1.6 1.4
F, 14–18 y 449 68.7 35.0 44.0 48.0
  Standard error 2.1 4.1 3.7 3.4
F, 19–30 y 808 64.6 26.0 35.0 40.0
  Standard error 1.4 1.7 1.7 1.7
F, 31–50 y 1,690 63.3 26.0 35.0 40.0
  Standard error 0.9 1.0 0.9 0.9
F, 51–70 y 1,605 56.5 22.0 29.0 34.0
  Standard error 1.0 1.0 1.0 1.0
F, 71+ y 670 49.4 20.0 27.0 31.0
  Standard error 1.1 1.6 1.3 1.4
Pregnant 81 75.5 43.0 52.0 56.0
  Standard error 5.2 6.0 5.2 4.9
Lactating 44 74.7 38.0 47.0 52.0
  Standard error 5.3 9.4 7.9 7.0
Pregnant/lactating 124 76.7 41.0 50.0 55.0
  Standard error 2.9 4.3 4.0 3.8
All individuals 21,035 74.7 24.0 34.0 40.0
  Standard error 0.6 0.4 0.4 0.4
All individuals (+P/L) 21,159 74.7 24.0 34.0 40.0
  Standard error 0.6 0.4 0.4 0.4

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side.   Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

28.7 33.6 39.7 46.2 52.0 66.4
0.8 0.5 1.1 1.0 1.5 2.8

32.4 38.2 45.5 53.5 58.9 70.0
1.5 0.8 1.7 1.7 2.4 3.2

40.6 49.6 59.8 69.9 76.6 91.1
0.4 0.5 0.6 0.9 1.1 1.6

54.0 64.0 75.0 86.0 94.0 109.0
0.6 0.7 0.8 1.1 1.3 1.9

71.0 82.0 95.0 108.0 117.0 136.0
1.7 1.6 1.9 2.7 3.4 5.3

82.0 101.0 124.0 149.0 166.0 204.0
4.4 2.9 5.4 6.3 6.3 14.2

81.0 100.0 123.0 147.0 164.0 200.0
2.6 2.4 2.7 3.8 4.8 7.6

73.0 93.0 117.0 141.0 157.0 194.0
2.1 1.4 3.7 3.6 4.4 7.3

61.0 79.0 100.0 122.0 136.0 166.0
1.1 1.3 1.7 2.2 2.6 3.5

50.0 65.0 82.0 100.0 112.0 136.0
1.2 1.5 1.9 2.5 3.0 4.2

57.0 68.0 80.0 92.0 100.0 116.0
1.2 1.2 1.5 2.2 2.7 3.9

57.0 68.0 79.0 91.0 98.0 112.0
2.8 2.2 1.8 2.0 2.5 3.8

50.0 63.0 77.0 92.0 101.0 121.0
1.5 1.3 1.5 2.2 2.8 4.5

50.0 61.0 75.0 89.0 98.0 119.0
0.9 0.9 1.2 1.7 2.0 2.8

43.0 55.0 68.0 81.0 90.0 108.0
0.9 0.9 1.2 1.6 2.0 2.9

38.0 48.0 59.0 70.0 77.0 92.0
1.5 1.2 1.5 1.6 2.2 5.9

65.0 75.0 85.0 95.0 102.0 114.0
4.6 5.1 6.4 8.3 9.6 12.5

62.0 73.0 86.0 99.0 107.0 123.0
5.6 5.3 7.6 11.5 14.3 20.7

65.0 76.0 88.0 99.0 107.0 121.0
3.4 3.1 3.2 4.1 5.0 7.2

53.0 70.0 92.0 115.0 130.0 164.0
0.4 0.5 0.7 1.0 1.3 1.9

53.0 70.0 92.0 114.0 130.0 163.0
0.4 0.5 0.7 1.0 1.3 1.9

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-6 Mean and Percentiles for Usual Daily Percentage of
Total Energy from Fat, United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 43.8 24.5 33.6 36.9
  Standard error 0.3 2.1 1.6 0.8
Both sexes, 7–12 mo 530 35.5 21.1 26.0 28.4
  Standard error 0.3 1.2 0.6 0.5
Both sexes, 1–3 y 3,949 32.2 21.8 25.0 26.6
  Standard error 0.2 0.2 0.2 0.2
Both sexes, 4–8 y 3,935 32.4 24.2 26.6 27.9
  Standard error 0.2 0.4 0.3 0.2
M, 9–13 y 595 33.1 26.6 28.5 29.5
  Standard error 0.3 0.8 0.6 0.5
M, 14–18 y 474 33.0 23.5 26.4 27.9
  Standard error 0.3 1.0 0.7 0.6
M, 19–30 y 920 32.6 23.2 26.1 27.5
  Standard error 0.3 1.0 0.9 0.8
M, 31–50 y 1,805 33.6 21.3 25.1 27.1
  Standard error 0.2 0.5 0.4 0.3
M, 51–70 y 1,680 33.7 19.3 23.6 25.9
  Standard error 0.2 0.5 0.4 0.3
M, 71+ y 722 33.0 19.1 23.2 25.4
  Standard error 0.4 0.8 0.6 0.5
F, 9–13 y 606 32.4 23.7 26.3 27.7
  Standard error 0.3 0.8 0.6 0.5
F, 14–18 y 449 32.2 22.0 25.1 26.7
  Standard error 0.5 1.1 0.9 0.8
F, 19–30 y 806 32.1 18.8 22.8 24.9
  Standard error 0.4 0.9 0.7 0.7
F, 31–50 y 1,689 32.8 20.2 23.9 25.9
  Standard error 0.2 0.5 0.4 0.4
F, 51–70 y 1,605 32.2 18.4 22.5 24.6
  Standard error 0.3 0.7 0.6 0.5
F, 71+ y 669 31.7 18.2 22.1 24.2
  Standard error 0.4 0.8 0.6 0.5
Pregnant 81 32.9 23.0 26.1 27.7
  Standard error 0.9 2.1 1.5 1.3
Lactating 44 31.5 22.5 25.2 26.7
  Standard error 1.3 3.4 2.5 2.1
Pregnant/lactating 124 32.4 23.0 25.9 27.4
  Standard error 0.8 1.9 1.4 1.2
All individuals 21,030 32.8 19.8 23.8 25.9
  Standard error 0.1 0.2 0.2 0.1
All individuals (+P/L) 21,154 32.8 19.8 23.8 25.9
  Standard error 0.1 0.2 0.2 0.1

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day. The Iowa
State University (ISU) method was used to estimate individual usual intakes of energy
from fat and total energy. One g of fat was assumed to provide 9 kcal of energy. A
modification of the ISU method was then used to estimate the distribution of the nutri-
ent density (Goyeneche JJ, Carriquiry A, Fuller WA. 1997. Estimating bivariate usual
intake distributions. ASA Proceedings of the Biometrics Section. Alexandria, VA: American
Statistical Association). Infants and children fed human milk and five individuals who
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25th 50th 75th 90th 95th 99th

41.2 45.5 47.3 48.7 49.4 50.2
1.1 0.5 0.2 0.3 0.3 0.7

32.2 35.9 39.2 42.0 43.6 46.6
0.4 0.4 0.4 0.4 0.5 0.6

29.3 32.2 35.1 37.7 39.3 42.3
0.2 0.2 0.2 0.2 0.2 0.3

30.0 32.4 34.7 36.8 38.1 40.4
0.2 0.2 0.2 0.2 0.3 0.4

31.2 33.1 35.0 36.6 37.6 39.5
0.4 0.3 0.3 0.5 0.5 0.7

30.4 33.1 35.7 38.0 39.3 41.8
0.4 0.4 0.5 0.6 0.8 1.0

29.9 32.6 35.3 37.5 38.9 41.4
0.7 0.3 0.5 0.6 0.6 0.8

30.3 33.7 37.0 39.9 41.8 45.2
0.2 0.2 0.2 0.3 0.3 0.4

29.6 33.7 37.7 41.3 43.4 47.3
0.2 0.2 0.3 0.4 0.4 0.5

29.0 33.0 36.9 40.4 42.5 46.3
0.4 0.4 0.4 0.5 0.6 0.8

30.0 32.5 34.9 37.1 38.4 40.8
0.4 0.3 0.3 0.3 0.4 0.5

29.4 32.3 35.1 37.6 39.1 41.9
0.6 0.5 0.6 0.7 0.8 1.0

28.4 32.1 35.9 39.3 41.5 45.6
0.6 0.4 0.8 0.9 0.8 1.3

29.2 32.8 36.4 39.6 41.6 45.2
0.3 0.2 0.3 0.3 0.4 0.5

28.2 32.2 36.3 39.9 42.1 46.2
0.4 0.3 0.3 0.4 0.5 0.7

27.7 31.6 35.6 39.3 41.4 45.6
0.5 0.4 0.5 0.6 0.7 0.9

30.2 33.0 35.7 37.9 39.3 41.7
1.0 1.0 1.1 1.4 1.6 1.9

29.1 31.6 34.1 36.3 37.5 39.8
1.5 1.3 1.7 2.3 2.7 3.5

29.9 32.5 35.0 37.2 38.5 40.9
0.9 0.8 0.9 1.1 1.3 1.6

29.2 32.9 36.4 39.7 41.6 45.4
0.1 0.1 0.1 0.1 0.2 0.2

29.2 32.9 36.4 39.7 41.6 45.4
0.1 0.1 0.1 0.1 0.2 0.2

had no food intake for the day were excluded from the analyses. One female was
pregnant and lactating and was included in both the Pregnant and Lactating catego-
ries. The sample sizes for the Pregnant and Lactating categories were very small, so
their estimates of usual intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-7 Mean and Percentiles for Usual Daily Intake of
Saturated Fatty Acids (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 13.9 5.4 8.1 9.5
  Standard error 0.3 0.4 0.4 0.4
Both sexes, 7–12 mo 530 15.9 6.2 8.9 10.4
  Standard error 0.4 0.6 0.5 0.5
Both sexes, 1–3 y 3,949 20.2 8.7 11.4 13.0
  Standard error 0.2 0.2 0.2 0.2
Both sexes, 4–8 y 3,935 24.3 12.4 15.2 16.8
  Standard error 0.3 0.3 0.3 0.3
M, 9–13 y 595 30.3 17.5 20.8 22.6
  Standard error 0.6 0.9 0.7 0.6
M, 14–18 y 474 37.4 14.8 19.8 22.8
  Standard error 1.2 1.3 1.2 1.1
M, 19–30 y 920 35.7 13.6 18.7 21.7
  Standard error 0.8 1.0 1.0 1.0
M, 31–50 y 1,806 33.1 11.4 16.0 18.7
  Standard error 0.6 0.4 0.4 0.3
M, 51–70 y 1,680 27.0 8.3 12.1 14.5
  Standard error 0.5 0.3 0.3 0.3
M, 71+ y 722 22.6 7.0 10.0 12.0
  Standard error 0.6 0.4 0.4 0.4
F, 9–13 y 606 25.4 12.8 15.7 17.5
  Standard error 0.5 0.7 0.6 0.5
F, 14–18 y 449 23.8 10.9 14.1 16.0
  Standard error 0.9 1.4 1.5 1.7
F, 19–30 y 808 21.8 7.7 10.7 12.5
  Standard error 0.5 0.6 0.5 0.5
F, 31–50 y 1,690 21.1 7.8 10.8 12.6
  Standard error 0.4 0.3 0.4 0.5
F, 51–70 y 1,605 18.2 6.3 8.7 10.3
  Standard error 0.3 0.4 0.4 0.4
F, 71+ y 670 16.1 5.8 8.0 9.4
  Standard error 0.4 0.4 0.4 0.4
Pregnant 81 27.6 14.0 17.4 19.4
  Standard error 1.4 2.2 1.9 1.7
Lactating 44 26.5 11.5 15.1 17.2
  Standard error 2.1 4.3 3.4 2.8
Pregnant/lactating 124 27.5 13.3 16.8 18.8
  Standard error 1.0 1.6 1.3 1.2
All individuals 21,035 25.6 7.7 11.2 13.4
  Standard error 0.2 0.1 0.1 0.1
All individuals (+P/L) 21,159 25.6 7.8 11.2 13.5
  Standard error 0.2 0.1 0.1 0.1

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

11.2 13.3 16.0 18.9 21.5 27.9
0.3 0.3 0.3 0.5 0.6 1.2

12.6 15.2 18.7 22.5 25.0 29.9
0.4 0.4 0.5 0.7 0.9 1.3

15.9 19.6 23.9 28.2 31.1 37.2
0.2 0.2 0.3 0.4 0.4 0.6

19.9 23.7 28.1 32.6 35.5 41.8
0.3 0.3 0.3 0.4 0.5 0.8

25.8 29.7 34.1 38.5 41.5 47.6
0.6 0.6 0.7 0.9 1.1 1.5

28.4 35.6 44.4 54.2 61.2 76.9
1.1 1.2 1.6 2.4 3.2 5.1

27.3 34.2 42.5 51.4 57.6 71.1
0.9 0.9 1.0 1.5 1.9 3.2

24.0 31.4 40.3 49.4 55.8 70.8
0.4 0.6 0.8 1.4 1.9 3.4

19.2 25.6 33.3 41.5 47.0 58.8
0.3 0.4 0.6 0.9 1.1 1.7

15.9 21.3 27.8 34.8 39.5 49.7
0.4 0.5 0.8 1.2 1.5 2.3

20.7 24.7 29.4 34.1 37.1 43.5
0.5 0.5 0.6 0.9 1.1 1.6

19.3 23.2 27.6 32.2 35.4 42.1
1.6 1.0 0.8 0.8 1.1 3.5

16.1 20.9 26.4 32.1 35.9 43.8
0.5 0.5 0.7 0.9 1.2 1.7

16.0 20.3 25.4 30.7 34.4 42.2
0.5 0.4 0.6 0.7 0.7 1.6

13.3 17.3 22.1 27.1 30.5 37.5
0.3 0.3 0.4 0.6 0.7 1.1

12.0 15.4 19.5 23.7 26.4 32.3
0.4 0.4 0.4 0.6 0.7 1.1

22.9 27.1 31.8 36.3 39.2 44.8
1.3 1.3 1.8 2.8 3.5 5.1

21.1 25.9 31.3 36.6 40.0 46.8
1.9 1.9 3.5 5.6 7.1 10.1

22.5 27.0 31.9 36.8 39.8 45.9
1.0 1.0 1.5 2.2 2.7 3.9

17.9 24.0 31.6 39.9 45.5 57.7
0.1 0.2 0.3 0.4 0.5 0.8

17.9 24.0 31.6 39.8 45.5 57.6
0.1 0.2 0.3 0.4 0.5 0.8

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.



1044 DIETARY REFERENCE INTAKES

TABLE E-8 Mean and Percentiles for Usual Daily Intake of
Monounsaturated Fatty Acids (g), United States, CSFII
(1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 12.1 3.7 5.9 7.3
  Standard error 0.3 0.3 0.3 0.4
Both sexes, 7–12 mo 530 13.8 5.1 7.3 8.6
  Standard error 0.3 0.4 0.3 0.3
Both sexes, 1–3 y 3,949 18.8 8.2 10.7 12.1
  Standard error 0.2 0.2 0.2 0.2
Both sexes, 4–8 y 3,935 24.9 12.7 15.6 17.3
  Standard error 0.3 0.3 0.3 0.3
M, 9–13 y 595 32.5 17.5 21.3 23.4
  Standard error 0.6 1.2 1.0 0.9
M, 14–18 y 474 41.5 17.9 23.2 26.3
  Standard error 1.1 1.3 1.3 1.2
M, 19–30 y 920 40.2 15.8 21.5 24.9
  Standard error 0.9 1.2 1.1 1.1
M, 31–50 y 1,806 37.6 14.0 19.3 22.5
  Standard error 0.6 0.6 0.5 0.4
M, 51–70 y 1,680 31.8 10.7 15.1 17.9
  Standard error 0.5 0.4 0.4 0.4
M, 71+ y 722 26.1 8.7 12.4 14.7
  Standard error 0.6 0.5 0.5 0.5
F, 9–13 y 606 26.8 13.9 16.9 18.7
  Standard error 0.5 0.8 0.7 0.6
F, 14–18 y 449 26.6 13.5 16.7 18.6
  Standard error 0.8 1.7 1.5 1.4
F, 19–30 y 808 24.8 9.5 12.9 15.0
  Standard error 0.5 0.7 0.6 0.6
F, 31–50 y 1,690 24.0 9.2 12.7 14.7
  Standard error 0.4 0.4 0.4 0.3
F, 51–70 y 1,605 21.3 7.6 10.6 12.5
  Standard error 0.4 0.4 0.4 0.4
F, 71+ y 670 18.9 7.3 9.9 11.4
  Standard error 0.5 0.5 0.5 0.5
Pregnant 81 27.2 17.4 20.0 21.5
  Standard error 1.8 2.3 1.8 1.6
Lactating 44 27.0 16.3 19.0 20.6
  Standard error 1.9 4.3 3.5 3.0
Pregnant/lactating 124 27.8 16.0 19.0 20.8
  Standard error 1.0 1.7 1.5 1.4
All individuals 21,035 28.7 8.4 12.3 14.9
  Standard error 0.2 0.1 0.2 0.2
All individuals (+P/L) 21,159 28.6 8.5 12.4 14.9
  Standard error 0.2 0.1 0.2 0.2

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
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25th 50th 75th 90th 95th 99th

9.6 11.7 14.2 17.4 19.8 25.1
0.4 0.4 0.3 0.7 0.6 0.9

10.8 13.4 16.3 19.6 21.9 26.9
0.3 0.3 0.4 0.6 0.8 1.2

14.7 18.2 22.2 26.2 28.8 34.6
0.1 0.2 0.2 0.4 0.5 0.7

20.5 24.3 28.8 33.3 36.2 42.5
0.2 0.3 0.3 0.4 0.5 0.8

27.2 31.8 37.1 42.6 46.3 54.2
0.7 0.6 0.8 1.2 1.6 2.5

32.4 40.2 49.2 58.5 64.7 77.5
1.2 1.1 1.3 1.7 2.2 3.4

31.1 38.7 47.7 57.4 64.0 78.4
1.0 1.0 1.1 1.6 2.0 3.2

28.4 36.0 45.0 54.7 61.3 75.6
0.6 0.6 1.1 1.3 1.6 2.5

23.3 30.4 38.7 47.4 53.1 65.1
0.5 0.5 0.7 0.9 1.0 1.4

19.1 25.0 31.8 38.8 43.5 53.2
0.5 0.6 0.7 1.0 1.2 1.7

22.0 26.2 30.9 35.7 38.9 45.4
0.5 0.5 0.7 1.0 1.3 1.9

22.0 26.2 30.8 35.3 38.1 43.9
1.2 0.9 0.7 0.9 1.2 1.8

18.9 24.0 29.7 35.5 39.3 47.1
0.5 0.5 0.6 0.8 1.0 1.4

18.5 23.2 28.6 34.4 38.2 46.5
0.3 0.4 0.5 0.7 0.8 1.1

16.0 20.5 25.8 31.3 34.9 42.3
0.3 0.4 0.5 0.6 0.8 1.2

14.3 18.2 22.6 27.2 30.2 36.5
0.5 0.5 0.5 0.6 0.8 1.2

24.1 27.1 30.2 33.1 34.8 38.3
1.5 1.8 2.5 3.3 3.8 5.0

23.3 26.6 30.2 33.7 36.0 40.4
2.3 1.9 2.8 4.2 5.3 7.6

23.8 27.5 31.4 35.2 37.5 42.2
1.2 1.1 1.3 1.7 2.1 3.1

19.9 26.9 35.4 44.7 51.1 64.8
0.2 0.2 0.3 0.4 0.5 0.7

19.9 26.9 35.4 44.7 51.0 64.6
0.2 0.2 0.3 0.4 0.5 0.7

milk were excluded from all analyses. One female was pregnant and lactating and was
included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-9 Mean and Percentiles for Usual Daily Intake of
Linoleic acid (n-6 18:2) (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 6.7 3.5 4.4 4.8
  Standard error 0.1 0.2 0.1 0.1
Both sexes, 7–12 mo 530 6.9 2.8 3.8 4.4
  Standard error 0.2 0.1 0.2 0.2
Both sexes, 1–3 y 3,949 7.3 2.6 3.6 4.2
  Standard error 0.1 0—b 0.1 0.1
Both sexes, 4–8 y 3,935 10.1 4.4 5.7 6.4
  Standard error 0.1 0.1 0.1 0.1
M, 9–13 y 595 13.4 5.0 6.6 7.6
  Standard error 0.4 0.2 0.2 0.3
M, 14–18 y 474 16.6 6.4 8.5 9.8
  Standard error 0.5 0.3 0.3 0.4
M, 19–30 y 920 17.6 6.0 8.4 9.9
  Standard error 0.5 0.2 0.3 0.3
M, 31–50 y 1,806 17.0 6.2 8.4 9.8
  Standard error 0.3 0.1 0.2 0.2
M, 51–70 y 1,680 15.3 5.4 7.4 8.7
  Standard error 0.3 0.2 0.2 0.2
M, 71+ y 722 12.2 4.3 5.9 6.9
  Standard error 0.4 0.2 0.2 0.2
F, 9–13 y 606 11.0 4.4 5.8 6.6
  Standard error 0.3 0.2 0.2 0.2
F, 14–18 y 449 11.7 4.7 6.2 7.1
  Standard error 0.5 0.3 0.3 0.4
F, 19–30 y 808 11.8 4.5 6.0 6.9
  Standard error 0.3 0.1 0.2 0.2
F, 31–50 y 1,690 11.7 4.6 6.2 7.1
  Standard error 0.2 0.2 0.2 0.2
F, 51–70 y 1,605 11.0 4.2 5.6 6.5
  Standard error 0.2 0.1 0.1 0.1
F, 71+ y 670 9.3 3.6 4.8 5.5
  Standard error 0.3 0.2 0.2 0.2
Pregnant 81 13.9 5.7 7.5 8.6
  Standard error 1.1 0.7 0.8 0.8
Lactating 44 13.5 5.7 7.3 8.2
  Standard error 1.5 0.7 0.8 0.9
Pregnant/lactating 124 13.7 5.7 7.4 8.5
  Standard error 0.9 0.6 0.7 0.7
All individuals 21,035 13.0 3.9 5.6 6.7
  Standard error 0.1 0.1 0.1 0.1
All individuals (+P/L) 21,159 13.0 3.9 5.6 6.7
  Standard error 0.1 0.1 0.1 0.1

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.05.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

5.6 6.5 7.6 8.8 9.7 11.8
0.1 0.1 0.1 0.2 0.3 0.7
5.5 6.7 8.1 9.5 10.5 12.7
0.2 0.2 0.2 0.3 0.3 0.7
5.3 6.9 8.7 10.8 12.3 15.4
0.1 0.1 0.1 0.1 0.2 0.3
7.8 9.7 11.9 14.3 15.9 19.5
0.1 0.1 0.2 0.2 0.3 0.4
9.7 12.5 16.2 20.2 23.0 29.3
0.3 0.4 0.5 0.8 1.1 2.0

12.4 15.8 20.0 24.5 27.5 34.0
0.4 0.5 0.7 0.9 1.1 1.5

12.8 16.7 21.4 26.4 29.7 36.8
0.4 0.5 0.6 0.7 0.8 1.2

12.5 16.1 20.5 25.2 28.4 35.2
0.2 0.3 0.4 0.6 0.7 1.3

11.2 14.5 18.6 22.9 25.8 31.9
0.2 0.3 0.3 0.4 0.4 0.6
8.9 11.6 14.9 18.3 20.7 25.7
0.3 0.4 0.5 0.6 0.7 0.8
8.3 10.5 13.2 16.0 18.0 22.1
0.2 0.3 0.4 0.5 0.6 0.9
8.9 11.2 14.0 16.8 18.7 22.8
0.4 0.5 0.6 0.7 0.8 1.0
8.7 11.2 14.3 17.5 19.7 24.5
0.2 0.3 0.4 0.5 0.7 1.4
8.8 11.1 13.9 16.9 18.9 23.3
0.2 0.3 0.3 0.4 0.5 0.8
8.2 10.5 13.2 16.1 18.1 22.2
0.2 0.2 0.3 0.4 0.4 0.6
7.0 8.9 11.2 13.7 15.4 19.1
0.2 0.3 0.3 0.4 0.5 0.7

10.7 13.4 16.5 19.8 22.0 26.5
0.9 1.1 1.3 1.6 1.9 2.5

10.1 12.7 16.0 19.6 22.1 27.9
1.1 1.4 1.8 2.5 3.1 4.9

10.5 13.1 16.2 19.5 21.7 26.2
0.8 0.9 1.1 1.3 1.6 2.1
8.9 12.0 16.0 20.6 23.9 31.3
0.1 0.1 0.2 0.2 0.3 0.4
8.9 12.0 16.0 20.6 23.9 31.3
0.1 0.1 0.2 0.2 0.3 0.4

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-10 Mean and Percentiles for Usual Daily Intake of
Total n-3 Fatty Acids (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 0.72 0.38 0.46 0.51
  Standard error 0.02 0.01 0.01 0.01
Both sexes, 7–12 mo 530 0.78 0.40 0.48 0.53
  Standard error 0.02 0.01 0.01 0.01
Both sexes, 1–3 y 3,949 0.81 0.37 0.47 0.53
  Standard error 0.01 0.01 0.01 0.01
Both sexes, 4–8 y 3,935 1.03 0.48 0.61 0.68
  Standard error 0.01 0.01 0.01 0.01
M, 9–13 y 595 1.32 0.56 0.71 0.81
  Standard error 0.04 0.02 0.02 0.03
M, 14–18 y 474 1.74 0.72 0.92 1.05
  Standard error 0.05 0.03 0.03 0.03
M, 19–30 y 920 1.77 0.70 0.93 1.07
  Standard error 0.05 0.03 0.03 0.03
M, 31–50 y 1,806 1.86 0.73 0.97 1.11
  Standard error 0.04 0.03 0.02 0.02
M, 51–70 y 1,680 1.71 0.67 0.89 1.02
  Standard error 0.04 0.02 0.03 0.03
M, 71+ y 722 1.41 0.54 0.71 0.82
  Standard error 0.05 0.02 0.02 0.02
F, 9–13 y 606 1.08 0.48 0.60 0.68
  Standard error 0.02 0.02 0.02 0.02
F, 14–18 y 449 1.22 0.52 0.68 0.78
  Standard error 0.05 0.03 0.03 0.04
F, 19–30 y 808 1.26 0.51 0.66 0.76
  Standard error 0.04 0.02 0.02 0.03
F, 31–50 y 1,690 1.28 0.54 0.70 0.80
  Standard error 0.03 0.02 0.02 0.02
F, 51–70 y 1,605 1.25 0.52 0.67 0.77
  Standard error 0.03 0.01 0.02 0.02
F, 71+ y 670 1.07 0.45 0.58 0.66
  Standard error 0.03 0.02 0.02 0.02
Pregnant 81 1.49 0.67 0.85 0.95
  Standard error 0.11 0.06 0.07 0.08
Lactating 44 1.50 0.66 0.81 0.91
  Standard error 0.29 0.08 0.10 0.12
Pregnant/lactating 124 1.47 0.65 0.82 0.92
  Standard error 0.12 0.05 0.06 0.07
All individuals 21,035 1.40 0.46 0.63 0.75
  Standard error 0.01 0.01 0.01 0.01
All individuals (+P/L) 21,159 1.40 0.46 0.64 0.75
  Standard error 0.01 0.01 0.01 0.01

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: n-3 Fatty acids represent the daily intake of 18:3 (n-3 and n-6) + n-3 20:5 + n-3
22:5 + n-3 22:6 fatty acids per individual; estimates therefore may overestimate intake of
total n-3 fatty acids. Estimates are based on respondents’ intakes on the first surveyed
day and were adjusted using the Iowa State University method. Mean, standard errors,
and percentiles were obtained using C-Side. Standard errors were estimated via jack-
knife replication. Each standard error has 43 degrees of freedom. Infants and children
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25th 50th 75th 90th 95th 99th

0.58 0.69 0.82 0.98 1.11 1.43
0.01 0.01 0.02 0.04 0.06 0.12
0.62 0.74 0.89 1.06 1.18 1.49
0.01 0.02 0.03 0.04 0.05 0.08
0.63 0.78 0.94 1.13 1.25 1.53
0.01 0.01 0.01 0.02 0.02 0.03
0.81 0.99 1.20 1.43 1.58 1.92
0.01 0.01 0.02 0.02 0.03 0.04
0.99 1.25 1.56 1.91 2.15 2.67
0.03 0.03 0.05 0.07 0.09 0.16
1.31 1.65 2.08 2.54 2.86 3.56
0.04 0.05 0.06 0.08 0.10 0.14
1.33 1.69 2.12 2.57 2.87 3.51
0.04 0.05 0.06 0.07 0.08 0.12
1.39 1.77 2.24 2.74 3.08 3.84
0.04 0.04 0.06 0.08 0.10 0.14
1.28 1.63 2.05 2.51 2.83 3.54
0.04 0.04 0.04 0.05 0.07 0.15
1.04 1.33 1.69 2.09 2.37 2.97
0.03 0.04 0.06 0.08 0.10 0.15
0.83 1.03 1.28 1.55 1.74 2.14
0.02 0.02 0.03 0.04 0.05 0.07
0.95 1.17 1.43 1.72 1.92 2.37
0.04 0.05 0.06 0.07 0.08 0.11
0.95 1.20 1.51 1.85 2.10 2.65
0.03 0.03 0.04 0.07 0.10 0.22
0.98 1.22 1.52 1.85 2.08 2.57
0.02 0.04 0.04 0.04 0.05 0.08
0.95 1.19 1.49 1.82 2.04 2.53
0.02 0.02 0.03 0.04 0.05 0.07
0.81 1.02 1.27 1.55 1.74 2.16
0.02 0.03 0.03 0.04 0.05 0.07
1.16 1.43 1.76 2.09 2.32 2.79
0.09 0.11 0.14 0.17 0.20 0.27
1.10 1.39 1.78 2.24 2.58 3.39
0.16 0.24 0.36 0.54 0.68 1.07
1.13 1.40 1.74 2.11 2.37 2.93
0.08 0.11 0.15 0.21 0.25 0.36
0.97 1.30 1.71 2.18 2.51 3.25
0.01 0.01 0.02 0.02 0.03 0.05
0.98 1.30 1.71 2.18 2.51 3.25
0.01 0.01 0.02 0.02 0.03 0.05

fed human milk were excluded from all analyses. One female was pregnant and lactat-
ing and was included in both the Pregnant and Lactating categories. The sample sizes
for the Pregnant and Lactating categories were very small, so their estimates of usual
intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-11 Mean and Percentiles for Usual Daily Intake of
Linolenic Acid (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 0.72 0.38 0.46 0.50
  Standard error 0.02 0.01 0.01 0.01
Both sexes, 7–12 mo 530 0.77 0.39 0.48 0.53
  Standard error 0.02 0.01 0.01 0.01
Both sexes, 1–3 y 3,949 0.77 0.35 0.45 0.50
  Standard error 0.01 0.01 0.01 0.01
Both sexes, 4–8 y 3,935 0.97 0.46 0.58 0.65
  Standard error 0.01 0.01 0.01 0.01
M, 9–13 y 595 1.26 0.53 0.69 0.78
  Standard error 0.04 0.02 0.03 0.04
M, 14–18 y 474 1.65 0.65 0.85 0.98
  Standard error 0.05 0.03 0.03 0.03
M, 19–30 y 920 1.66 0.62 0.84 0.98
  Standard error 0.05 0.03 0.03 0.03
M, 31–50 y 1,806 1.73 0.65 0.87 1.01
  Standard error 0.04 0.03 0.02 0.02
M, 51–70 y 1,680 1.55 0.58 0.77 0.90
  Standard error 0.03 0.02 0.02 0.03
M, 71+ y 722 1.26 0.48 0.63 0.73
  Standard error 0.04 0.02 0.02 0.02
F, 9–13 y 606 1.03 0.46 0.58 0.65
  Standard error 0.02 0.02 0.02 0.02
F, 14–18 y 449 1.13 0.47 0.61 0.70
  Standard error 0.05 0.03 0.05 0.06
F, 19–30 y 808 1.18 0.46 0.60 0.70
  Standard error 0.03 0.02 0.02 0.02
F, 31–50 y 1,690 1.19 0.48 0.63 0.72
  Standard error 0.02 0.02 0.02 0.02
F, 51–70 y 1,605 1.13 0.46 0.60 0.68
  Standard error 0.02 0.01 0.01 0.01
F, 71+ y 670 0.97 0.40 0.51 0.59
  Standard error 0.03 0.01 0.02 0.02
Pregnant 81 1.42 0.62 0.79 0.89
  Standard error 0.10 0.06 0.07 0.07
Lactating 44 1.42 0.61 0.75 0.84
  Standard error 0.27 0.06 0.08 0.10
Pregnant/lactating 124 1.40 0.60 0.76 0.86
  Standard error 0.12 0.05 0.06 0.06
All individuals 21,035 1.30 0.43 0.59 0.69
  Standard error 0.01 0.01 0.01 0.01
All individuals (+P/L) 21,159 1.30 0.43 0.59 0.69
  Standard error 0.01 0.01 0.01 0.01

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Linolenic acid includes both n-3 and n-6 forms. Estimates are based on respon-
dents’ intakes on the first surveyed day and were adjusted using the Iowa State Univer-
sity method. Mean, standard errors, and percentiles were obtained using C-Side. Stan-
dard errors were estimated via jackknife replication. Each standard error has 43 degrees
of freedom. Infants and children fed human milk were excluded from all analyses. One
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25th 50th 75th 90th 95th 99th

0.58 0.69 0.82 0.98 1.11 1.43
0.01 0.01 0.02 0.04 0.06 0.12
0.61 0.73 0.88 1.05 1.17 1.47
0.01 0.02 0.02 0.04 0.05 0.08
0.60 0.74 0.90 1.08 1.20 1.46
0.01 0.01 0.01 0.02 0.02 0.03
0.78 0.94 1.13 1.34 1.48 1.79
0.01 0.01 0.02 0.02 0.02 0.04
0.96 1.19 1.48 1.81 2.05 2.61
0.04 0.04 0.04 0.07 0.09 0.20
1.22 1.56 1.98 2.44 2.76 3.47
0.04 0.05 0.06 0.08 0.10 0.15
1.24 1.59 2.01 2.44 2.74 3.36
0.04 0.04 0.06 0.07 0.08 0.11
1.27 1.63 2.08 2.57 2.90 3.64
0.04 0.03 0.06 0.08 0.10 0.16
1.14 1.47 1.87 2.30 2.59 3.23
0.03 0.03 0.04 0.05 0.05 0.10
0.93 1.19 1.52 1.88 2.13 2.67
0.03 0.04 0.05 0.07 0.08 0.11
0.79 0.99 1.22 1.47 1.64 2.01
0.02 0.02 0.03 0.04 0.04 0.07
0.87 1.09 1.35 1.63 1.81 2.20
0.06 0.05 0.05 0.07 0.08 0.16
0.87 1.11 1.41 1.75 1.98 2.52
0.02 0.03 0.04 0.06 0.09 0.19
0.90 1.13 1.41 1.72 1.94 2.41
0.02 0.02 0.03 0.04 0.05 0.07
0.85 1.08 1.36 1.66 1.86 2.31
0.02 0.02 0.03 0.04 0.04 0.06
0.73 0.91 1.15 1.41 1.60 2.03
0.02 0.03 0.04 0.04 0.08 0.24
1.09 1.36 1.68 2.02 2.24 2.72
0.08 0.10 0.12 0.14 0.17 0.22
1.03 1.31 1.69 2.14 2.48 3.28
0.14 0.22 0.35 0.54 0.70 1.12
1.06 1.33 1.67 2.03 2.29 2.86
0.08 0.10 0.15 0.20 0.25 0.37
0.90 1.20 1.59 2.02 2.32 3.00
0.01 0.01 0.02 0.02 0.03 0.04
0.91 1.21 1.59 2.02 2.32 3.00
0.01 0.01 0.02 0.02 0.03 0.04

female was pregnant and lactating and was included in both the Pregnant and Lactat-
ing categories. The sample sizes for the Pregnant and Lactating categories were very
small, so their estimates of usual intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-12 Mean and Percentiles for Average Daily Intake of
n-3 Eicosapentaenoic Acid (20:5) Fatty Acids (g), United States,
CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 578 —b — — —
Both sexes, 7–12 mo 487 0.002 — — —
Both sexes, 1–3 y 3,777 0.008 — — —
Both sexes, 4–8 y 3,769 0.012 — — —
M, 9–13 y 569 0.016 — — —
M, 14–18 y 446 0.018 — — —
M, 19–30 y 854 0.030 — — —
M, 31–50 y 1,684 0.038 — — —
M, 51–70 y 1,606 0.046 — — —
M, 71+ y 674 0.049 — — —
F, 9–13 y 580 0.012 — — —
F, 14–18 y 436 0.016 — — —
F, 19–30 y 760 0.024 — — —
F, 31–50 y 1,614 0.027 — — —
F, 51–70 y 1,539 0.035 — — —
F, 71+ y 623 0.029 — — —
Pregnant 71 0.017 — — —
Lactating 42 0.026 — — —
Pregnant/lactating 112 0.020 — — —
All individuals 19,996 0.028 — — —
All individuals  (+P/L) 20,108 0.028 — — —

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.0005.
NOTE: Estimates represent the unadjusted distribution of the 2-day average intake
reported per individual. Estimates were calculated using SAS PROC UNIVARIATE. In-
fants and children fed human milk were excluded from all analyses. One female was
pregnant and lactating and was included in both the Pregnant and Lactating catego-
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25th 50th 75th 90th 95th 99th

— — — — — 0.003
— — 0.002 0.004 0.007 0.038
— 0.002 0.006 0.018 0.035 0.118
— 0.002 0.007 0.023 0.051 0.208
— 0.002 0.009 0.039 0.075 0.231
— 0.003 0.010 0.032 0.093 0.270
0.001 0.007 0.019 0.058 0.135 0.469
0.001 0.007 0.022 0.112 0.206 0.442
0.002 0.007 0.033 0.122 0.219 0.550
0.001 0.005 0.022 0.166 0.310 0.662
— 0.002 0.007 0.030 0.061 0.220
— 0.004 0.009 0.029 0.066 0.365
— 0.004 0.012 0.046 0.128 0.314
0.001 0.005 0.015 0.068 0.136 0.367
0.001 0.005 0.018 0.088 0.172 0.461
0.001 0.004 0.014 0.071 0.163 0.374
— 0.004 0.016 0.031 0.086 0.133
0.001 0.006 0.017 0.088 0.147 0.367
0.001 0.005 0.017 0.053 0.133 0.319
0.001 0.004 0.014 0.066 0.141 0.392
0.001 0.004 0.014 0.066 0.141 0.392

ries. The sample sizes for the Pregnant and Lactating categories were very small, so
their estimates of 2-day average intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-13 Mean and Percentiles for Usual Daily Intake
of n-3 Docosapentaenoic Acid (22:5) (g), United States, CSFII
(1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 578 —b — — —
Both sexes, 7–12 mo 487 0.001 — — —
Both sexes, 1–3 y 3,777 0.005 — — —
Both sexes, 4–8 y 3,769 0.007 — — —
M, 9–13 y 569 0.009 — — —
M, 14–18 y 446 0.012 — — —
M, 19–30 y 854 0.016 — — —
M, 31–50 y 1,684 0.018 — — —
M, 51–70 y 1,606 0.019 — — —
M, 71+ y 674 0.015 — — —
F, 9–13 y 580 0.007 — — —
F, 14–18 y 436 0.009 — — —
F, 19–30 y 760 0.011 — — —
F, 31–50 y 1,614 0.013 — — —
F, 51–70 y 1,539 0.013 — — —
F, 71+ y 623 0.011 — — —
Pregnant 71 0.007 — — —
Lactating 42 0.012 — — —
Pregnant/lactating 112 0.009 — — —
All individuals 19,996 0.013 — — —
All individuals (+P/L) 20,108 0.013 — — —

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.0005.
NOTE: Estimates represent the unadjusted distribution of the 2-day average intake
reported per individual. Estimates were calculated using SAS PROC UNIVARIATE. In-
fants and children fed human milk were excluded from all analyses. One female was
pregnant and lactating and was included in both the Pregnant and Lactating catego-
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25th 50th 75th 90th 95th 99th

— — — — 0.001 0.004
— — 0.001 0.005 0.007 0.014
— 0.001 0.006 0.012 0.019 0.041
— 0.002 0.007 0.017 0.027 0.065
— 0.003 0.011 0.025 0.040 0.074
— 0.005 0.015 0.033 0.052 0.098
— 0.007 0.021 0.040 0.050 0.120
— 0.009 0.022 0.044 0.067 0.188
— 0.008 0.022 0.048 0.087 0.174
— 0.005 0.016 0.042 0.070 0.130
— 0.003 0.009 0.018 0.025 0.055
— 0.005 0.013 0.020 0.032 0.065
— 0.005 0.012 0.026 0.039 0.111
— 0.006 0.015 0.029 0.047 0.107
— 0.006 0.015 0.030 0.051 0.134
— 0.005 0.013 0.029 0.043 0.093
— 0.003 0.010 0.024 0.029 0.042
— 0.009 0.016 0.029 0.040 0.093
— 0.004 0.013 0.025 0.034 0.062
— 0.005 0.015 0.032 0.050 0.118
— 0.005 0.015 0.031 0.050 0.118

ries. The sample sizes for the Pregnant and Lactating categories were very small, so
their estimates of 2-day average intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-14 Mean and Percentiles for Usual Daily Intake of n-3
Docosahexaneoic Acid (22:6) (g), United States, CSFII
(1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 —b — — —
  Standard error 0.001 — — —
Both sexes, 7–12 mo 530 0.030 — 0.001 0.001
  Standard error 0.008 — — —
Both sexes, 1–3 y 3,949 0.032 0.003 0.005 0.007
  Standard error 0.001 — — —
Both sexes, 4–8 y 3,935 0.050 0.003 0.007 0.010
  Standard error 0.005 — 0.001 0.001
M, 9–13 y 595 0.063 0.003 0.007 0.011
  Standard error 0.010 — 0.001 0.001
M, 14–18 y 474 0.072 0.009 0.016 0.022
  Standard error 0.012 0.001 0.002 0.003
M, 19–30 y 920 0.079 0.013 0.021 0.028
  Standard error 0.006 0.001 0.002 0.002
M, 31–50 y 1,806 0.094 0.017 0.028 0.035
  Standard error 0.006 0.001 0.002 0.002
M, 51–70 y 1,680 0.111 0.019 0.031 0.040
  Standard error 0.007 0.002 0.002 0.003
M, 71+ y 722 0.128 0.012 0.022 0.030
  Standard error 0.019 0.001 0.002 0.003
F, 9–13 y 606 0.055 0.002 0.005 0.008
  Standard error 0.009 — 0.001 0.001
F, 14–18 y 449 0.062 0.008 0.014 0.019
  Standard error 0.009 0.001 0.002 0.003
F, 19–30 y 808 0.067 0.008 0.014 0.019
  Standard error 0.006 0.001 0.001 0.002
F, 31–50 y 1,690 0.071 0.011 0.019 0.024
  Standard error 0.009 0.001 0.001 0.002
F, 51–70 y 1,605 0.089 0.011 0.020 0.026
  Standard error 0.006 0.001 0.001 0.002
F, 71+ y 670 0.077 0.010 0.018 0.024
  Standard error 0.010 0.001 0.002 0.002
Pregnant 81 0.051 0.009 0.015 0.019
  Standard error 0.014 0.002 0.004 0.005
Lactating 44 0.053 0.010 0.016 0.021
  Standard error 0.019 0.003 0.005 0.006
Pregnant/lactating 124 0.052 0.009 0.015 0.019
  Standard error 0.012 0.002 0.003 0.004
All individuals 21,035 0.057 0.007 0.013 0.017
  Standard error 0.019 0.001 0.003 0.004
All individuals (+P/L) 21,159 0.057 0.007 0.013 0.017
  Standard error 0.018 0.001 0.003 0.004

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.0005.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

— — — 0.001 0.001 0.003
— — — 0.001 0.002 0.007
0.003 0.008 0.024 0.065 0.119 0.370
— 0.001 0.005 0.016 0.032 0.118
0.013 0.023 0.041 0.066 0.088 0.148
0.001 0.001 0.002 0.003 0.004 0.008
0.018 0.035 0.063 0.107 0.144 0.251
0.001 0.003 0.006 0.011 0.015 0.028
0.021 0.041 0.079 0.138 0.191 0.344
0.003 0.006 0.012 0.023 0.033 0.065
0.034 0.057 0.092 0.141 0.180 0.284
0.005 0.009 0.016 0.026 0.034 0.058
0.042 0.066 0.101 0.146 0.181 0.269
0.003 0.005 0.008 0.012 0.015 0.023
0.052 0.079 0.120 0.171 0.211 0.311
0.003 0.004 0.007 0.011 0.014 0.023
0.060 0.093 0.142 0.205 0.255 0.380
0.004 0.006 0.009 0.014 0.019 0.031
0.050 0.089 0.159 0.266 0.363 0.651
0.006 0.011 0.023 0.043 0.063 0.127
0.017 0.034 0.068 0.123 0.174 0.325
0.003 0.005 0.011 0.020 0.028 0.054
0.030 0.049 0.080 0.121 0.155 0.242
0.004 0.007 0.012 0.018 0.024 0.040
0.031 0.052 0.086 0.132 0.170 0.271
0.003 0.005 0.008 0.014 0.019 0.032
0.037 0.058 0.090 0.133 0.167 0.253
0.003 0.006 0.011 0.019 0.025 0.042
0.042 0.069 0.113 0.173 0.222 0.350
0.002 0.004 0.008 0.014 0.019 0.035
0.037 0.061 0.098 0.149 0.190 0.297
0.004 0.007 0.012 0.020 0.027 0.045
0.028 0.043 0.066 0.094 0.115 0.167
0.007 0.011 0.018 0.028 0.036 0.055
0.030 0.046 0.068 0.095 0.116 0.168
0.009 0.015 0.024 0.036 0.046 0.071
0.029 0.044 0.066 0.094 0.115 0.168
0.006 0.009 0.015 0.023 0.029 0.045
0.028 0.046 0.074 0.111 0.139 0.209
0.007 0.014 0.024 0.039 0.052 0.083
0.028 0.046 0.074 0.111 0.139 0.209
0.007 0.013 0.024 0.039 0.051 0.082

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-15 Mean and Percentiles for Usual Daily Intake of
Cholesterol (mg), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 13  —b — 1
  Standard error 1 — — —
Both sexes, 7–12 mo 530 74 3 7 12
  Standard error 5 1 1 1
Both sexes, 1–3 y 3,949 189 64 89 104
  Standard error 2 2 2 2
Both sexes, 4–8 y 3,935 206 81 106 122
  Standard error 3 2 2 2
M, 9–13 y 595 259 135 163 179
  Standard error 13 12 11 11
M, 14–18 y 474 319 135 174 198
  Standard error 11 14 13 12
M, 19–30 y 920 345 120 166 193
  Standard error 12 12 11 12
M, 31–50 y 1,806 345 118 165 193
  Standard error 5 6 5 5
M, 51–70 y 1,680 317 107 150 176
  Standard error 9 7 7 7
M, 71+ y 722 267 83 119 142
  Standard error 7 5 5 5
F, 9–13 y 606 205 89 114 129
  Standard error 7 6 6 7
F, 14–18 y 449 222 99 127 143
  Standard error 10 16 15 14
F, 19–30 y 808 210 76 104 121
  Standard error 6 8 8 7
F, 31–50 y 1,690 219 78 107 125
  Standard error 4 4 4 4
F, 51–70 y 1,605 208 71 99 116
  Standard error 5 4 4 4
F, 71+ y 670 189 64 89 105
  Standard error 5 5 5 5
Pregnant 81 280 129 164 185
  Standard error 22 22 21 20
Lactating 44 246 169 187 198
  Standard error 27 56 45 39
Pregnant/lactating 124 271 121 154 174
  Standard error 17 17 16 16
All individuals 21,035 256 52 85 108
  Standard error 2 1 1 1
All individuals (+P/L) 21,159 257 53 86 109
  Standard error 2 1 1 1

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.5.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

3 7 17 32 45 79
— — 1 3 5 11
24 47 98 174 227 348

2 3 8 13 17 26
134 175 229 292 336 430

2 2 3 5 6 9
152 194 246 304 344 431

2 2 4 7 9 15
210 250 299 350 385 460

14 16 15 15 19 32
245 306 379 455 507 616

11 11 14 21 27 41
246 323 420 527 601 766

12 12 20 25 30 51
248 324 419 525 598 753

5 5 7 11 15 24
226 295 386 486 554 697

8 9 11 14 17 25
186 248 329 417 476 598

6 7 10 14 18 27
158 195 241 292 329 410

7 7 9 12 14 22
174 214 260 310 343 416

13 11 10 13 17 29
154 199 253 313 355 448

6 6 6 10 13 22
160 206 265 330 374 471

3 4 5 8 10 16
149 195 253 318 362 455

4 5 7 9 11 16
136 178 229 286 326 412

5 6 7 9 12 18
224 273 328 383 418 489

19 21 27 38 47 68
218 243 270 297 315 352

29 26 39 62 79 117
213 262 320 379 418 499

16 16 20 28 34 49
157 230 327 439 519 698

2 2 3 5 6 10
158 230 327 438 518 696

2 2 3 5 6 9

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.



1060 DIETARY REFERENCE INTAKES

TABLE E-16 Mean and Percentiles for Usual Daily Intake of
Protein (g), United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 15.9 7.4 9.6 10.9
  Standard error 0.3 0.5 0.4 0.5
Both sexes, 7–12 mo 530 28.3 11.1 14.4 16.5
  Standard error 0.8 0.7 0.6 0.6
Both sexes, 1–3 y 3,949 50.9 24.4 31.3 34.9
  Standard error 0.4 0.5 0.4 0.5
Both sexes, 4–8 y 3,935 62.5 33.8 40.8 44.7
  Standard error 0.6 0.6 0.6 0.6
M, 9–13 y 595 79.1 46.0 54.0 59.0
  Standard error 1.5 2.2 2.0 1.8
M, 14–18 y 474 99.0 51.0 62.0 69.0
  Standard error 2.3 4.0 3.6 3.3
M, 19–30 y 920 104.0 49.0 62.0 70.0
  Standard error 2.0 2.7 2.5 2.5
M, 31–50 y 1,806 99.4 49.0 61.0 67.0
  Standard error 1.1 1.6 0.9 1.2
M, 51–70 y 1,680 86.8 41.0 53.0 59.0
  Standard error 1.5 1.6 1.8 1.5
M, 71+ y 722 72.5 32.0 42.0 48.0
  Standard error 1.2 3.0 1.7 1.8
F, 9–13 y 606 65.3 37.1 44.4 48.5
  Standard error 1.2 1.6 1.5 1.4
F, 14–18 y 449 66.5 36.4 44.4 48.8
  Standard error 2.0 3.9 3.5 3.7
F, 19–30 y 808 63.3 33.0 40.0 44.0
  Standard error 1.4 1.9 1.6 1.7
F, 31–50 y 1,690 64.9 32.0 41.0 46.0
  Standard error 0.7 0.8 0.8 0.8
F, 51–70 y 1,605 61.7 32.4 40.0 44.3
  Standard error 0.8 1.2 1.1 1.0
F, 71+ y 670 56.4 26.8 34.0 38.2
  Standard error 0.9 1.5 1.3 1.2
Pregnant 81 78.2 45.0 54.0 60.0
  Standard error 2.6 9.2 7.0 5.6
Lactating 44 79.7 48.2 55.8 60.3
  Standard error 4.7 6.4 5.5 5.2
Pregnant/lactating 124 79.7 43.0 53.0 58.0
  Standard error 2.5 3.5 3.1 3.0
All individuals 21,035 75.2 26.0 36.0 42.0
  Standard error 0.4 0.3 0.3 0.3
All individuals (+P/L) 21,159 75.3 26.0 36.0 42.0
  Standard error 0.4 0.3 0.3 0.3

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day and were
adjusted using the Iowa State University method. Mean, standard errors, and percen-
tiles were obtained using C-Side. Standard errors were estimated via jackknife replica-
tion. Each standard error has 43 degrees of freedom. Infants and children fed human
milk were excluded from all analyses. One female was pregnant and lactating and was
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25th 50th 75th 90th 95th 99th

12.9 15.1 18.1 21.9 24.7 31.2
0.3 0.5 0.3 0.5 0.6 1.3

20.6 26.5 34.0 42.5 48.5 62.0
0.6 0.7 1.0 1.6 2.1 3.5

41.3 49.8 59.1 68.4 74.7 88.4
0.4 0.4 0.4 0.8 0.8 1.3

52.1 61.2 71.5 81.9 88.7 103.5
0.6 0.6 0.7 0.9 1.1 1.7

68.0 78.0 89.0 101.0 108.0 125.0
1.6 1.5 1.7 2.2 2.6 4.0

81.0 97.0 114.0 132.0 144.0 168.0
2.7 2.3 3.0 4.6 5.9 9.1

83.0 101.0 121.0 142.0 157.0 190.0
2.1 2.2 2.5 3.4 4.6 8.9

80.0 97.0 115.0 135.0 147.0 174.0
1.0 1.0 1.4 2.6 2.9 4.3

71.0 85.0 100.0 117.0 128.0 152.0
1.4 2.0 1.8 2.3 2.7 3.8

58.0 71.0 85.0 99.0 108.0 125.0
1.8 1.3 2.4 2.2 2.4 7.0

55.6 64.0 73.6 83.6 90.5 105.4
1.2 1.2 1.5 2.3 2.9 4.4

56.5 65.4 75.3 85.3 92.1 106.1
3.3 2.0 1.6 2.3 3.5 8.9

52.0 62.0 73.0 84.0 91.0 107.0
1.7 1.3 1.8 2.4 2.8 4.1

54.0 64.0 75.0 86.0 93.0 109.0
0.8 0.7 0.7 1.1 1.4 2.2

51.8 60.8 70.6 80.4 86.8 99.9
0.9 0.8 0.9 1.2 1.4 2.0

45.8 55.2 65.7 76.0 82.6 95.7
1.1 1.0 1.0 1.2 1.4 1.9

68.0 78.0 88.0 97.0 103.0 113.0
3.6 2.7 4.3 6.9 8.5 11.9

68.4 78.4 89.6 100.8 108.1 122.9
4.9 5.0 5.6 6.9 8.1 11.5

68.0 79.0 91.0 102.0 109.0 122.0
2.7 2.6 3.0 4.0 5.0 7.2

54.0 71.0 92.0 114.0 129.0 160.0
0.3 0.3 0.5 0.8 1.1 1.8

55.0 71.0 92.0 114.0 129.0 160.0
0.3 0.3 0.5 0.8 1.1 1.7

included in both the Pregnant and Lactating categories. The sample sizes for the Preg-
nant and Lactating categories were very small, so their estimates of usual intake distri-
butions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-17 Mean and Percentiles for Usual Daily Percentage of
Total Energy from Protein, United States, CSFII (1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 596 8.9 7.3 7.7 7.8
  Standard error 0.1 0.2 0.2 0.1
Both sexes, 7–12 mo 530 11.1 6.6 7.6 8.2
  Standard error 0.2 0.1 0.1 0.1
Both sexes, 1–3 y 3,949 14.6 10.1 11.4 12.0
  Standard error 0.1 0.1 0.1 0.1
Both sexes, 4–8 y 3,935 14.1 10.4 11.4 11.9
  Standard error 0.1 0.1 0.1 0.1
M, 9–13 y 595 14.2 10.9 11.8 12.3
  Standard error 0.2 0.3 0.3 0.2
M, 14–18 y 474 14.3 11.4 12.3 12.7
  Standard error 0.2 0.7 0.6 0.5
M, 19–30 y 920 15.2 10.3 11.6 12.3
  Standard error 0.2 0.3 0.2 0.2
M, 31–50 y 1,805 16.0 11.1 12.3 13.0
  Standard error 0.1 0.2 0.1 0.1
M, 51–70 y 1,680 16.5 11.2 12.5 13.3
  Standard error 0.2 0.2 0.3 0.2
M, 71+ y 722 16.4 11.1 12.5 13.2
  Standard error 0.2 0.4 0.3 0.3
F, 9–13 y 606 13.9 10.2 11.2 11.7
  Standard error 0.2 0.3 0.2 0.2
F, 14–18 y 449 14.3 10.2 11.3 11.9
  Standard error 0.3 0.5 0.4 0.4
F, 19–30 y 806 14.6 9.0 10.5 11.3
  Standard error 0.3 0.4 0.3 0.3
F, 31–50 y 1,689 15.8 10.3 11.8 12.5
  Standard error 0.1 0.3 0.2 0.2
F, 51–70 y 1,605 16.6 11.3 12.7 13.5
  Standard error 0.1 0.2 0.2 0.2
F, 71+ y 669 16.7 11.4 12.7 13.5
  Standard error 0.2 0.3 0.3 0.2
Pregnant 81 15.6 10.8 12.1 12.8
  Standard error 0.6 0.6 0.6 0.6
Lactating 44 15.5 12.2 13.1 13.6
  Standard error 0.7 0.9 0.8 0.8
Pregnant/lactating 124 15.6 13.8 14.3 14.6
  Standard error 0.4 2.2 1.6 1.3
All individuals 21,030 15.4 9.6 11.0 11.8
  Standard error 0.1 0.1 0.1 0.1
All individuals (+P/L) 21,154 15.4 9.6 11.0 11.9
  Standard error 0.1 0.1 0.1 0.1

a M = male, F = female, P/L = pregnant and/or lactating.
NOTE: Estimates are based on respondents’ intakes on the first surveyed day. The Iowa
State University (ISU) method was used to estimate individual usual intakes of energy
from protein and total energy. One g of protein was assumed to provide 4 kcal of
energy. A modification of the ISU method was then used to estimate the distribution of
the nutrient density (Goyeneche JJ, Carriquiry A, Fuller WA. 1997. Estimating bivariate
usual intake distributions. ASA Proceedings of the Biometrics Section. Alexandria, VA: Ameri-
can Statistical Association). Infants and children fed human milk and five individuals
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25th 50th 75th 90th 95th 99th

8.2 8.8 9.5 10.3 10.9 11.9
0.1 0.1 0.1 0.2 0.3 0.5
9.1 10.4 12.6 15.0 16.4 19.2
0.1 0.2 0.3 0.4 0.5 0.6

13.2 14.5 16.0 17.3 18.1 19.8
0.1 0.1 0.1 0.1 0.1 0.2

12.9 14.0 15.2 16.3 17.0 18.4
0.1 0.1 0.1 0.1 0.2 0.2

13.1 14.1 15.2 16.2 16.9 18.1
0.2 0.2 0.2 0.3 0.3 0.5

13.4 14.3 15.1 16.0 16.5 17.6
0.3 0.2 0.3 0.5 0.6 0.9

13.6 15.1 16.7 18.3 19.4 21.5
0.2 0.2 0.3 0.3 0.4 0.6

14.3 15.8 17.5 19.1 20.1 22.2
0.1 0.1 0.2 0.2 0.2 0.3

14.6 16.3 18.1 19.9 21.0 23.3
0.2 0.2 0.2 0.3 0.4 0.4

14.6 16.2 18.0 19.8 20.9 23.1
0.2 0.2 0.2 0.3 0.4 0.7

12.7 13.8 15.0 16.2 16.9 18.3
0.2 0.2 0.2 0.2 0.2 0.3

12.9 14.2 15.5 16.8 17.5 19.0
0.3 0.3 0.3 0.3 0.4 0.5

12.7 14.4 16.2 18.0 19.2 21.6
0.3 0.3 0.4 0.4 0.5 0.6

13.9 15.6 17.4 19.2 20.4 22.7
0.2 0.1 0.2 0.2 0.2 0.5

14.8 16.4 18.2 20.0 21.1 23.6
0.1 0.1 0.2 0.2 0.3 0.5

14.8 16.5 18.3 20.1 21.3 23.7
0.2 0.2 0.2 0.3 0.4 0.6

14.1 15.5 17.0 18.5 19.4 21.2
0.6 0.7 0.7 0.8 0.8 1.0

14.4 15.5 16.6 17.6 18.3 19.6
0.7 0.6 0.7 0.7 0.9 1.2

15.0 15.6 16.1 16.6 16.9 17.5
0.8 0.4 0.8 1.4 1.8 2.6

13.3 15.1 17.1 19.1 20.4 22.9
0.1 0.1 0.1 0.1 0.1 0.2

13.3 15.1 17.1 19.1 20.4 22.9
0.1 0.1 0.1 0.1 0.1 0.2

who had no food intake for the day were excluded from the analyses. One female was
pregnant and lactating and was included in both the Pregnant and Lactating catego-
ries. The sample sizes for the Pregnant and Lactating categories were very small, so
their estimates of usual intake distributions are not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE E-18 Mean and Percentiles for Usual Daily Percentage
of Total Energy from Alcohol, United States, CSFII
(1994–1996, 1998)

Percentile

Sex/Age Categorya n Mean 1st 5th 10th

Both sexes, 0–6 mo 578 —b — — —
Both sexes, 7–12 mo 487 — — — —
Both sexes, 1–3 y 3,777 — — — —
Both sexes, 4–8 y 3,769 — — — —
M, 9–13 y 569 — — — —
M, 14–18 y 446 0.2 — — —
M, 19–30 y 854 3.1 — — —
M, 31–50 y 1,683 2.4 — — —
M, 51–70 y 1,606 2.1 — — —
M, 71+ y 674 1.6 — — —
F, 9–13 y 580 — — — —
F, 14–18 y 436 0.1 — — —
F, 19–30 y 758 1.5 — — —
F, 31–50 y 1,613 1.3 — — —
F, 51–70 y 1,539 1.3 — — —
F, 71+ y 622 0.5 — — —
Pregnant 71 — — — —
Lactating 42 0.2 — — —
Pregnant/lactating 112 0.1 — — —
All individuals 19,991 1.3 — — —
All individuals (+P/L) 20,103 1.3 — — —

a M = male, F = female, P/L = pregnant and/or lactating.
b Value is less than 0.05
NOTE: Estimates represent the unadjusted distribution of the 2-day average percentage
of kcal from alcohol calculated per individual. One g of alcohol was assumed to provide
7 kcal of energy. Estimates were calculated using SAS PROC UNIVARIATE. Infants and
children fed human milk and five individuals who had no food intake for the day were
excluded from the analyses. One female was pregnant and lactating and was included
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25th 50th 75th 90th 95th 99th

— — — — — —
— — — — — —
— — — — — 0.1
— — — — — 0.1
— — — — — 0.1
— — — — — 4.3
— — 3.4 11.0 17.0 31.2
— — 2.5 8.5 12.8 23.3
— — 1.9 7.5 11.4 22.3
— — — 5.1 12.5 20.8
— — — — — 0.1
— — — — 0.1 2.6
— — — 5.8 9.9 20.1
— — — 5.1 9.5 18.3
— — — 5.1 9.4 18.2
— — — 0.1 4.2 11.7
— — — — 0.2 0.7
— — — — — 4.8
— — — — 0.2 4.8
— — — 4.6 9.3 19.8
— — — 4.5 9.2 19.7

in both the Pregnant and Lactating categories. The sample sizes for the Pregnant and
Lactating categories were very small, so their estimates of usual intake distributions are
not reliable.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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F
Canadian Dietary Intake Data,

1990–1997

TABLE F-1 Mean and Percentiles for Dietary Energy Intake
(kcal), Canada (1990–1997)

Percentile

Sex/Age Categorya n Mean 5th 10th 25th

M, 19–30 y 1,362 2,980.2 1,992 2,120 2,436
Standard error 45.2 75 33 25

M, 31–50 y 2,371 2,637.1 1,545 1,797 2,149
  Standard error 33.5 81 44 24
M, 51–70 y 2,416 2,224.0 1,418 1,546 1,794
  Standard error 35.8 81 30 31
M, 71–74 y 478 2,025.8 1,213 1,360 1,672
  Standard error 55.6 99 57 69
F, 19–30 y 1,456 1,890.4 1,189 1,327 1,521
  Standard error 27.8 57 19 17
F, 31–50 y 2,687 1,752.2 1,124 1,217 1,421
  Standard error 24.0 42 14 14
F, 51–70 y 2,481 1,543.2 932 1,077 1,268
  Standard error 28.2 51 27 19
F, 71–74 y 474 1,531.3 920 1,030 1,188
  Standard error 70.8 64 39 35
Total 13,725 2,168.6 1,173 1,304 1,575
  Standard error 16.0 30 11 12

a M = male, F = female.
NOTE: Estimates were adjusted for intraindividual variability using the modified NAS
method of Karpinski K, Nargundkar M. 1992. Nova Scotia Nutrition Survey Methodology
Report. Technical document #451311-001, Bureau of Biostatistics and Computer Appli-
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50th 75th 90th 95th

2,810 3,194 3,679 4,050
22 26 65 185

2,548 2,947 3,322 3,537
23 36 38 154

2,165 2,530 2,949 3,167
34 42 56 130

1,994 2,311 2,730 2,976
34 46 111 84

1,773 2,054 2,350 2,552
19 19 37 85

1,658 1,930 2,206 2,395
15 18 28 91

1,498 1,753 1,988 2,176
20 26 38 78

1,438 1,638 1,994 2,252
30 45 118 266

1,998 2,554 3,072 3,353
15 20 24 110

cations, Food Directorate, Health Canada; and National Center for Health Statistics.
1994. Consensus Workshop on Dietary Assessment: Nutrition Monitoring and Tracking the Year
2000 Objectives. Maryland: U.S. Department of Health and Human Services. Variability
for the percentiles has been estimated using SUDAAN v8.0, Taylor linearization method.
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TABLE F-2 Mean and Percentiles for Dietary Carbohydrate
Intake (Percent of Energy), Canada (1990–1997)

Percentile

Sex/Age Categorya n Mean 5th 10th 25th

M, 19–30 y 1,362 47.7 37.9 40.2 43.8
  Standard error 0.4 0.9 0.5 0.3
M, 31–50 y 2,371 47.0 37.0 39.5 43.2
  Standard error 0.4 1.2 0.5 0.2
M, 51–70 y 2,416 47.2 36.7 39.5 43.3
  Standard error 0.4 1.3 0.6 0.4
M, 71–74 y 478 49.2 36.5 38.9 43.9
  Standard error 0.8 1.7 1.0 1.0
F, 19–30 y 1,456 49.6 40.5 42.6 45.7
  Standard error 0.4 0.8 0.3 0.3
F, 31–50 y 2,687 48.3 38.9 40.8 45.2
  Standard error 0.4 0.8 0.4 0.3
F, 51–70 y 2,481 51.6 41.3 44.1 47.2
  Standard error 0.4 1.2 0.6 0.5
F, 71–74 y 474 52.1 42.9 46.0 49.8
  Standard error 0.8 1.7 1.2 0.8
Total 13,725 48.5 38.4 40.8 44.5
  Standard error 0.2 0.6 0.2 0.2

a M = male, F = female.
NOTE: Estimates were adjusted for intraindividual variability using the modified NAS
method of Karpinski K, Nargundkar M. 1992. Nova Scotia Nutrition Survey Methodology
Report. Technical document #451311-001, Bureau of Biostatistics and Computer Appli-
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50th 75th 90th 95th

47.4 51.4 55.2 57.0
0.3 0.3 0.4 0.8

46.9 50.8 54.7 56.7
0.3 0.4 0.4 0.8

47.4 51.3 55.3 57.9
0.4 0.3 0.4 0.8

49.2 54.2 59.2 61.4
0.8 0.7 1.1 1.0

49.4 53.2 56.2 58.2
0.3 0.2 0.4 0.6

48.9 52.5 56.4 58.4
0.2 0.3 0.4 0.6

51.3 54.9 57.9 60.0
0.3 0.3 0.4 0.8

52.7 55.0 57.7 60.4
0.4 0.5 0.6 1.4

48.6 52.6 56.1 58.2
0.1 0.1 0.2 0.5

cations, Food Directorate, Health Canada; and National Center for Health Statistics.
1994. Consensus Workshop on Dietary Assessment: Nutrition Monitoring and Tracking the Year
2000 Objectives. Maryland: U.S. Department of Health and Human Services. Variability
for the percentiles has been estimated using SUDAAN v8.0, Taylor linearization method.
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TABLE F-3 Mean and Percentiles for Dietary Fat Intake
(Percent of Energy), Canada (1990–1997)

Percentile

Sex/Age Categorya n Mean 5th 10th 25th

M, 19–30 y 1,362 33.7 26.8 28.8 31.7
  Standard error 0.3 1.0 0.4 0.2
M, 31–50 y 2,371 33.8 25.9 27.6 31.0
  Standard error 0.3 0.8 0.3 0.3
M, 51–70 y 2,416 33.2 23.6 25.9 29.7
  Standard error 0.5 0.9 0.4 0.3
M, 71–74 y 478 32.7 22.8 24.4 27.9
  Standard error 0.7 1.1 0.8 0.8
F, 19–30 y 1,456 33.0 24.5 26.8 29.6
  Standard error 0.3 0.8 0.4 0.2
F, 31–50 y 2,687 33.4 24.8 26.8 29.8
  Standard error 0.3 0.7 0.4 0.2
F, 51–70 y 2,481 30.8 22.9 24.9 27.8
  Standard error 0.4 0.9 0.4 0.3
F, 71–74 y 474 30.5 21.8 24.8 27.1
  Standard error 0.7 1.2 0.7 0.4
Total 13,725 33.1 24.6 26.7 29.8
  Standard error 0.1 0.5 0.2 0.1

a M = male, F = female.
NOTE: Estimates were adjusted for intraindividual variability using the modified NAS
method of Karpinski K, Nargundkar M. 1992. Nova Scotia Nutrition Survey Methodology
Report. Technical document #451311-001, Bureau of Biostatistics and Computer Appli-
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50th 75th 90th 95th

34.2 36.5 38.2 39.5
0.2 0.2 0.2 0.5

33.9 36.8 39.6 41.5
0.2 0.2 0.3 0.6

33.4 36.6 40.1 42.0
0.2 0.4 0.4 1.1

32.4 36.8 41.5 43.1
0.5 0.6 0.6 1.0

33.1 36.4 39.1 40.7
0.2 0.2 0.3 0.6

33.1 36. 39.4 41.5
0.2 0.2 0.3 0.6

31.2 34.8 37.5 39.3
0.4 0.2 0.4 1.0

30.5 33.6 37.0 39.7
0.5 0.6 1.2 1.2

33.3 36.3 39.2 41.0
0.1 0.1 0.1 0.5

cations, Food Directorate, Health Canada; and National Center for Health Statistics.
1994. Consensus Workshop on Dietary Assessment: Nutrition Monitoring and Tracking the Year
2000 Objectives. Maryland: U.S. Department of Health and Human Services. Variability
for the percentiles has been estimated using SUDAAN v8.0, Taylor linearization method.
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TABLE F-4 Mean and Percentages for Dietary Saturated Fat
Intake (Percent of Energy), Canada (1990–1997)

Percentile

Sex/Age Categorya n Mean 5th 10th 25th

M, 19–30 y 1,362 12.4 8.6 9.5 10.7
  Standard error 0.2 0.4 0.1 0.1
M, 31–50 y 2,371 12.2 8.0 9.0 10.5
  Standard error 0.2 0.3 0.2 0.1
M, 51–70 y 2,416 12.0 6.7 7.9 9.6
  Standard error 0.2 0.5 0.2 0.2
M, 71–74 y 478 11.6 6.3 7.3 9.3
  Standard error 0.4 0.5 0.5 0.3
F, 19–30 y 1,456 12.1 7.8 8.8 10.2
  Standard error 0.2 0.3 0.2 0.1
F, 31–50 y 2,687 12.0 7.5 8.3 9.9
  Standard error 0.2 0.3 0.1 0.1
F, 51–70 y 2,481 10.9 6.5 7.4 8.9
  Standard error 0.2 0.3 0.2 0.1
F, 71–74 y 474 10.7 6.2 6.7 8.5
  Standard error 0.4 0.3 0.3 0.3
Total 13,725 12.0 7.4 8.4 10.0
  Standard error 0.1 0.2 0.1 0.1

a M = male, F = female.
NOTE: Estimates were adjusted for intraindividual variability using the modified NAS
method of Karpinski K, Nargundkar M. 1992. Nova Scotia Nutrition Survey Methodology
Report. Technical document #451311-001, Bureau of Biostatistics and Computer Appli-
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50th 75th 90th 95th

12.2 13.6 15.0 15.8
0.1 0.1 0.1 0.3

12.0 13.6 15.0 16.0
0.1 0.1 0.2 0.3

11.8 13.7 15.8 16.7
0.2 0.2 0.3 0.6

11.2 13.2 14.6 17.2
0.4 0.3 0.7

11.8 13.4 15.0 16.1
0.1 0.1 0.2 0.3

11.5 13.2 14.8 16.1
0.1 0.1 0.2 0.4

10.8 12.5 14.1 15.3
0.1 0.2 0.2 0.6

10.2 12.4 14.5 15.5
0.3 0.5 0.5 0.6

11.7 13.4 15.0 16.1
0.0 0.0 0.1 0.3

cations, Food Directorate, Health Canada; and National Center for Health Statistics.
1994. Consensus Workshop on Dietary Assessment: Nutrition Monitoring and Tracking the Year
2000 Objectives. Maryland: U.S. Department of Health and Human Services. Variability
for the percentiles has been estimated using SUDAAN v8.0, Taylor linearization method.
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TABLE F-5 Mean and Percentiles for Dietary Protein Intake
(Percent of Energy), Canada (1990–1997)

Percentile

Sex/Age Categorya n Mean 5th 10th 25th

M, 19–30 y 1,362 15.9 12.8 13.4 14.4
  Standard error 0.2 0.4 0.1 0.1
M, 31–50 y 2,371 16.3 12.9 13.6 14.6
  Standard error 0.2 0.4 0.1 0.1
M, 51–70 y 2,416 16.7 12.8 13.5 14.4
  Standard error 0.2 0.4 0.1 0.1
M, 71–74 y 478 17.1 12.2 13.3 14.1
  Standard error 0.5 0.8 0.3 0.2
F, 19–30 y 1,456 16.0 12.6 13.2 14.4
  Standard error 0.2 0.4 0.1 0.1
F, 31–50 y 2,687 16.7 12.6 13.4 14.7
  Standard error 0.2 0.3 0.1 0.1
F, 51–70 y 2,481 16.6 12.7 13.6 14.8
  Standard error 0.2 0.4 0.2 0.1
F, 71–74 y 474 16.9 13.1 13.6 14.7
  Standard error 0.4 0.4 0.2 0.2
Total 13,725 16.4 12.8 13.5 14.5
  Standard error 0.1 0.2 0.1 0.0

a M = male, F = female.
NOTE: Estimates were adjusted for intraindividual variability using the modified NAS
method of Karpinski K, Nargundkar M. 1992. Nova Scotia Nutrition Survey Methodology
Report. Technical document #451311-001, Bureau of Biostatistics and Computer Appli-
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50th 75th 90th 95th

15.3 16.3 17.3 18.4
0.1 0.1 0.2 0.5

15.8 17.0 18.2 19.2
0.1 0.1 0.1 0.5

16.0 17.5 18.9 20.1
0.1 0.2 0.2 0.7

15.8 17.6 20.6 22.2
0.3 0.3 0.7 1.1

15.5 16.4 17.5 18.2
0.1 0.1 0.1 0.5

15.8 17.2 18.6 19.7
0.1 0.1 0.2 0.4

15.9 17.4 18.8 19.6
0.1 0.2 0.2 0.4

16.0 17.4 19.1 20.3
0.2 0.2 0.4 0.5

15.7 17.0 18.4 19.4
0.0 0.0 0.1 0.3

cations, Food Directorate, Health Canada; and National Center for Health Statistics.
1994. Consensus Workshop on Dietary Assessment: Nutrition Monitoring and Tracking the Year
2000 Objectives. Maryland: U.S. Department of Health and Human Services. Variability
for the percentiles has been estimated using SUDAAN v8.0, Taylor linearization method.
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G
Special Analyses for

Dietary Fats

TABLE G-1 Minimum Saturated Fat Intake Using
Nonvegetarian Menusa

Saturated Fat (%)

n-3 (α-linolenic acid) = n-3 (α-linolenic acid) =
0.6% and n-6 1.2% and n-6

Total Fat (%) (linoleic acid) = 5% (linoleic acid) = 10%

20 2.8 2.7
25 3.6 3.2
30 4.3 3.9
35 5.0 4.5

a Ten nonvegetarian menus were created using Nutritionist Five, Version 2.3 (First
Databank, San Bruno, CA). In general, brand products were not used because data for
linoleic and α-linolenic acids were not available for these products. Since canola and
soybean oils are the primary sources of α-linolenic acid in the U.S. diet (Kris-Etherton
PM, Taylor DS, Yu-Poth S, Huth P, Moriarty K, Fishell V, Hargrove RL, Zhao G, Etherton
TD. 2000. Polyunsaturated fatty acids in the food chain in the United States. Am J Clin
Nutr 71:179S–188S), these oils were used when possible. When attempting to keep
saturated fat as low as possible and linoleic and α-linolenic acid at defined levels, rich
sources of monounsaturated fats were incorporated.
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TABLE G-2 Minimum Saturated Fat Intake Using Vegetarian
Menusa

Saturated Fat (%)

n-3 (α-linolenic acid) = n-3 (α-linolenic acid) =
0.6% and n-6 1.2% and n-6

Total Fat (%) (linoleic acid) = 5% (linoleic acid) = 10%

20 2.8 2.7
20 2.7 2.6
25 3.6 3.2
30 4.3 3.9
35 4.9 4.5

a Ten nonvegetarian menus were created using Nutritionist Five, Version 2.3 (First
Databank, San Bruno, CA). In general, brand products were not used because data for
linoleic and α-linolenic acids were not available for these products. Since canola and
soybean oils are the primary sources of α-linolenic acid in the U.S. diet (Kris-Etherton
PM, Taylor DS, Yu-Poth S, Huth P, Moriarty K, Fishell V, Hargrove RL, Zhao G, Etherton
TD. 2000. Polyunsaturated fatty acids in the food chain in the United States. Am J Clin
Nutr 71:179S–188S), these oils were used when possible. When attempting to keep
saturated fat as low as possible and linoleic and α-linolenic acid at defined levels, rich
sources of monounsaturated fats were incorporated.
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H
Body Composition Data

Based on the Third National
Health and Nutrition
Examination Survey

(NHANES III), 1988–1994

TABLE H-1 Body Measurement Summary Statistics, Men and
Women 19 Years of Age and Older, NHANES III (1988–1994)

Standard
Measure Sexa nb Meanc Errorc

Percent body fate M 7,324 21.9 0.1
F 7,724 32.4 0.2

Body mass index (kg/m2) M 7,918 26.5 0.1
F 8,522 26.4 0.1

Weight (kg) M 7,918 82.0 0.3
F 8,524 69.2 0.3

Height (cm) M 7,921 175.6 0.1
F 8,540 161.8 0.1

Waist circumference (cm) M 7,559 95.1 0.2
F 8,105 88.6 0.3

Triceps skinfold (mm)f M 7,532 13.1 0.1
F 7,870 23.5 0.2

a M = male, F = female. Pregnant and/or lactating women and women who had “blank
but applicable” pregnancy and lactating status or who responded “I don’t know” to
questions on pregnancy and lactating status were excluded from all analyses.
b n = Number of individuals with valid measurements; total sample size was 7,936 men
and 8,553 women (nonpregnant/nonlactating).
c Means and standard errors were calculated with National Center for Health Statistics
(NCHS) sampling weights and WesVar Complex Samples Version 3.0.
d Standard deviation = standard error multiplied by the square root of the sample size (n).
e Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:
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Standard
Deviationd Minimum Maximum

11.6 0.4 49.4
17.8 0.6 58.6

7.8 13.8 70.2
11.7 11.7 79.6
29.4 38.4 241.8
31.1 31.2 213.5

9.9 139.4 206.5
9.9 126.9 183.1

18.6 58.9 174.1
30.2 57.5 170.4

9.7 2.6 46.8
15.2 1.9 48.5

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.
f Skinfold thickness exceeding 48.5 mm was too large for the caliper; measurements
were not recorded for these individuals and they were excluded from analyses involving
triceps skinfold.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-2 Body Measurement Summary Statistics, Men and
Women 19 Years of Age and Older with Body Mass Index
(BMI) ≥ 18.5 and < 25 kg/m2, NHANES III (1988–1994)

Standard
Measure Sexa nb Meanc Errorc

Percent body fate M 2,828 17.6 0.1
F 2,899 26.7 0.2

BMI (kg/m2) M 3,055 22.7 0.1
F 3,170 22.0 < 0.05

Weight (kg) M 3,055 69.7 0.3
F 3,170 57.9 0.1

Height (cm) M 3,055 175.3 0.2
F 3,170 162.3 0.1

Waist circumference (cm) M 2,907 84.7 0.2
F 3,024 78.0 0.2

Triceps skinfold (mm) M 2,937 9.7 0.1
F 3,039 18.2 0.1

a M = male, F = female. Pregnant and/or lactating women and women who had “blank
but applicable” pregnancy and lactating status or who responded “I don’t know” to
questions on pregnancy and lactating status were excluded from all analyses.
b n = Number of individuals with valid measurements; total sample size was 3,055 men
and 3,170 women (nonpregnant/nonlactating).
c Means and standard errors were calculated with National Center for Health Statistics
(NCHS) sampling weights and WesVar Complex Samples Version 3.0.
d Standard deviation = standard error multiplied by the square root of the sample size
(n).
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e Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for four individuals; these individuals were
excluded from analyses involving percent body fat.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.

Standard
Deviationd Minimum Maximum

7.8 0.4 31.7
8.9 6.8 37.8
3.2 18.5 24.9
2.2 18.5 24.9

13.9 40.7 103.5
6.9 32.5 79.1

10.9 142.7 206.5
7.7 126.9 183.1
8.9 62.8 106.0

13.4 59.4 114.3
5.6 2.8 28.9
7.2 1.9 40.0
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TABLE H-3 Regression Analysis of Body Measurements:
Percent Body Fata Versus Body Mass Index (BMI), Men and
Women 19 Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,324) Intercept –4.3422 0.6765
BMI (kg/m2) 0.9921 0.0261
R square value 0.5549

F (7,724) Intercept 1.4303 0.6787
BMI (kg/m2) 1.1735 0.0256
R square value 0.7745

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.



APPENDIX H 1083

Test for H0:
Parameter = 0 Probability > |T|

–6.4190 0.0000
38.0077 0.0000

2.1073 0.0399
45.8088 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.



1084 DIETARY REFERENCE INTAKES

TABLE H-4 Regression Analysis of Body Measurements:
Percent Body Fata Versus Body Mass Index (BMI) and Waist
Circumference, Men and Women 19 Years of Age and Older,
NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,142) Intercept –11.8819 0.5909
BMI (kg/m2) 0.3632 0.0442
Waist circumference (cm) 0.2547 0.0134
R square value 0.6082

F (7,498) Intercept –3.5296 0.6029
BMI (kg/m2) 0.8294 0.0334
Waist circumference (cm) 0.1588 0.0085
R square value 0.7910

Numerator
Degrees of

F Value Freedom

M Overall fit 1,669.3326 2
F Overall fit 1,812.6733 2

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.
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Test for H0:
Parameter = 0 Probability > |T|

–20.1097 0.0000
8.2191 0.0000

18.9496 0.0000

–5.8545 0.0000
24.8456 0.0000
18.6091 0.0000

Denominator
Degrees of
Freedom Probability > F

51 0.0000
51 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-5 Regression Analysis of Body Measurements:
Percent Body Fat Versus Body Mass Index (BMI) and
Triceps Skinfold,a Men and Women 19 Years of Age and Older,
NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,091) Intercept –2.5154 0.5854
BMI (kg/m2) 0.7997 0.0261
Triceps skinfold (mm) 0.2499 0.0162
R square value 0.5796

F (7,266) Intercept 1.1686 0.4238
BMI (kg/m2) 0.9386 0.0214
Triceps skinfold (mm) 0.2765 0.0102
R square value 0.8167

Numerator
Degrees of

F Value Freedom

M Overall fit 1,384.0891 2
F Overall fit 4,851.3613 2

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat. Skinfold thickness exceeding 48.5
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Test for H0:
Parameter = 0 Probability > |T|

–4.2966 0.0001
30.5997 0.0000
15.4193 0.0000

2.7573 0.0080
43.9202 0.0000
26.9924 0.0000

Denominator
Degrees of
Freedom Probability > F

51 0.0000
51 0.0000

mm was too large for the caliper; measurements were not recorded for these individu-
als. These individuals were excluded from analyses involving triceps skinfold.
b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-6 Regression Analysis of Body Measurements:
Percent Body Fata Versus Height, Men and Women 19 Years of
Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,324) Intercept 21.6690 2.6860
Height (cm) 0.0016 0.0155
R square value 0

F (7,724) Intercept 42.4383 2.5259
Height (cm) –0.0620 0.0156
R square value 0.0026

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.
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Test for H0:
Parameter = 0 Probability > |T|

8.0674 0.0000
0.1013 0.9197

16.8016 0.0000
–3.9684 0.0002

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-7 Regression Analysis of Body Measurements:
Percent Body Fata Versus Body Weight, Men and Women 19
Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,324) Intercept 1.4555 0.5302
Body weight (kg) 0.2500 0.0065
R square value 0.4363

F (7,724) Intercept 3.9622 0.5224
Body weight (kg) 0.4114 0.0076
R square value 0.6961

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.



APPENDIX H 1091

Test for H0:
Parameter = 0 Probability > |T|

2.7450 0.0083
38.3096 0.0000

7.5851 0.0000
54.3469 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-8 Regression Analysis of Body Measurements:
Percent Body Fat Versus Triceps Skinfold,a Men and Women
19 Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,091) Intercept 13.4488 0.2295
Triceps skinfold (mm) 0.6394 0.0121
R square value 0.4099

F (7,266) Intercept 13.6974 0.2295
Triceps skinfold (mm) 0.7821 0.0076
R square value 0.6522

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat. Skinfold thickness exceeding 48.5
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Test for H0:
Parameter = 0 Probability > |T|

58.5945 0.0000
53.0528 0.0000

59.6845 0.0000
102.6052 0.0000

mm was too large for the caliper; measurements were not recorded for these individu-
als. These individuals were excluded from analyses involving triceps skinfold.
b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-9 Regression Analysis of Body Measurements:
Percent Body Fata Versus Waist Circumference, Men and
Women 19 Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,142) Intercept –13.3247 0.6059
Waist circumference (cm) 0.3712 0.0062
R square value 0.5949

F (7,498) Intercept –8.6807 0.5524
Waist circumference (cm) 0.4645 0.0060
R square value 0.7133

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.
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Test for H0:
Parameter = 0 Probability > |T|

–21.9934 0.0000
59.6373 0.0000

–15.7148 0.0000
77.4189 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-10 Regression Analysis of Body Measurements:
Percent Body Fata Versus Waist Circumference Squared, Men and
Women 19 Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,142) Intercept 5.1113 0.3783
Waist circumference 0.0018 0.0000

squared (cm2)
R square value 0.5739

F (7,498) Intercept 13.1167 0.3910
Waist circumference 0.0024 0.0000

squared (cm2)
R square value 0.6753

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.
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Test for H0:
Parameter = 0 Probability > |T|

13.5125 0.0000
46.6337 0.0000

33.5446 0.0000
52.9711 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-11 Regression Analysis of Body Measurements:
Percent Body Fata Versus Body Mass Index (BMI) and Waist
Circumference Squared, Men and Women 19 Years of Age and
Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,142) Intercept –0.0181 0.7131
BMI (kg/m2) 0.4438 0.0427
Waist circumference 0.0011 0.0001

squared (cm2)
R square value 0.5923

F (7,498) Intercept 2.7339 0.6573
BMI (kg/m2) 0.9833 0.0289
Waist circumference 0.0005 0.0000

squared (cm2)
R square value 0.7790

Numerator
Degrees of

F Value Freedom

M Overall fit 1,091.7233 2
F Overall fit 1,069.7605 2

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.
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Test for H0:
Parameter = 0 Probability > |T|

–0.0254 0.9798
10.3803 0.0000
16.5537 0.0000

4.1596 0.0001
34.0405 0.0000
10.3676 0.0000

Denominator
Degrees of
Freedom Probability > F

51 0.0000
51 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-12 Regression Analysis of Body Measurements:
Body Mass Index Versus Percent Body Fat,a Men and Women
19 Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,324) Intercept 14.2220 0.3354
Percent body fat 0.5594 0.0162
R square value 0.5549

F (7,724) Intercept 5.0073 0.3761
Percent body fat 0.6600 0.0120
R square value 0.7745

a Percent body fat = 100 × (W – FFM)/W; FFM for each survey respondent was derived
using the following equations:

Men: FFM = –10.68 + 0.65 H2/R + 0.26 W + 0.02 R
Women: FFM =  –9.53 + 0.69 H2/R + 0.17 W + 0.02 R

where FFM = fat free mass (kg), H = height (cm), R = resistance (ohms), W = weight
(kg). The estimate of FFM exceeded W for eight individuals; these individuals were
excluded from analyses involving percent body fat.

TABLE H-13 Regression Analysis of Body Measurements:
Body Mass Index Versus Triceps Skinfold,a Men and Women
19 Years of Age and Older, NHANES III (1988–1994)

Resultsc

Parameter Standard Error
Sex (n)b Parameter Estimate of Estimate

M (7,530) Intercept 19.9043 0.1401
Triceps skinfold (mm) 0.4924 0.0103
R square value 0.4770

F (7,858) Intercept 13.3202 0.1626
Triceps skinfold (mm) 0.5412 0.0082
R square value 0.6269

a Skinfold thickness exceeding 48.5 mm was too large for the caliper; measurements
were not recorded for these individuals. These individuals were excluded from analyses
involving triceps skinfold.
b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
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Test for H0:
Parameter = 0 Probability > |T|

42.4069 0.0000
34.6035 0.0000

13.3153 0.0000
55.2223 0.0000

b M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.

Test for H0:
Parameter = 0 Probability > |T|

142.1172 0.0000
47.9364 0.0000

81.9403 0.0000
65.6884 0.0000

lactating status or who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
c Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.
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TABLE H-14 Regression Analysis of Body Measurements: Body
Mass Index Versus Waist Circumference, Men and Women
19 Years of Age and Older, NHANES III (1988–1994)

Resultsb

Parameter Standard Error
Sex (n)a Parameter Estimate of Estimate

M (7,558) Intercept –4.2050 0.3413
Waist circumference (cm) 0.3230 0.0037
R square value 0.8142

F (8,096) Intercept –6.2774 0.3461
Waist circumference (cm) 0.3692 0.0042
R square value 0.8014

a M = male, F = female, n = number of individuals with valid measurements. Pregnant
and/or lactating women and women who had “blank but applicable” pregnancy and
lactating status or  who responded “I don’t know” to questions on pregnancy and lactat-
ing status were excluded from all analyses.
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Test for H0:
Parameter = 0 Probability > |T|

–12.3199 0.0000
87.2406 0.0000

–18.1401 0.0000
88.0352 0.0000

b Regression calculated with National Center for Health Statistics (NCHS) sampling
weights and WesVar Complex Samples Version 3.0.
DATA SOURCE: U.S. Department of Health and Human Services, NCHS.



1104

I
Doubly Labeled Water Data

Used to Predict Energy
Expenditure



APPENDIX I 1105

ACKNOWLEDGMENTS

The Panel on Macronutrients would like to thank the following indi-
viduals for contributing to the database for doubly labeled water.

John Amatruda
Linda Bandini
Alison Black
L-E Bratteby
Nancy Butte
Dallas Clark
Peter S.W. Davies
James P. DeLany
M. Elia
H.J. Emons
William J. Evans
Anne Marie Fontvieille
Chris Forbes-Ewan
Gail R. Goldberg
Michael I. Goran
Randall J. Gretebeck
Paul Haggarty
Reed W. Hoyt
Peter Jones
Lori E. Kopp-Hoolihan
Helen Lane
M. Barbara Livingstone
Cheryl Lovelady
Claudio Maffeis
K.S. Mudambo

Daphne Pannemans
Renaat Philippaerts
Petra Platte
Eric Poehlman
Andrew M. Prentice
S.M. Pulfrey
Susan Racette
Eric Ravussin
Michael Rennie
R. Rising
J.A. Riumallo
Susan Roberts
Arline Salbe
Dale Schoeller
L.O. Schulz
James Seale
Raymond Starling
T.P. Stein
M.A. Stroud
R. James Stubbs
J.L. Thompson
Margarita Treuth
J.C.K. Wells
Klaas Westerterp
William Wong



1106 DIETARY REFERENCE INTAKES

TABLE I-1 Infants and Very Young Children (0 Through
2 Years of Age) Within the 3rd to 97th Percentile for Body
Mass Index (BMI)

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

1 F 0.22 0.59 5.0 14.1 280
1 M 0.22 0.60 5.8 15.9 304
1 M 0.22 0.60 6.3 17.6 369
1 F 0.22 0.59 5.8 16.5 288
1 F 0.22 0.60 5.8 16.4 320
1 F 0.23 0.64 7.2 17.8 392
1 M 0.23 0.61 7.0 18.7 375
1 F 0.23 0.59 5.7 16.5 306
1 F 0.23 0.59 5.0 14.5 263
1 F 0.23 0.58 6.0 17.5 329
1 F 0.23 0.62 6.4 16.9 381
1 M 0.24 0.60 6.0 17.0 NR
1 F 0.24 0.62 6.1 15.6 363
1 F 0.24 0.62 6.9 18.0 405
1 F 0.24 0.60 5.3 14.8 317
1 M 0.24 0.58 5.5 16.3 286
1 F 0.24 0.62 6.0 15.7 371
1 F 0.24 0.58 5.5 16.7 359
1 F 0.24 0.62 6.5 16.8 330
1 F 0.24 0.63 6.2 16.0 319
1 M 0.24 0.62 6.5 16.8 356
1 M 0.24 0.59 5.5 15.8 346
1 F 0.25 0.60 6.0 16.6 326
1 M 0.25 0.65 5.2 14.2 332
1 M 0.25 0.61 6.4 17.2 389
1 M 0.25 0.61 7.2 19.2 NR
1 M 0.25 0.63 6.3 15.8 334
1 M 0.25 0.62 6.0 15.6 404
1 F 0.25 0.60 6.7 18.5 336
1 M 0.25 0.60 5.2 14.4 354
1 M 0.25 0.65 7.5 17.6 435
1 F 0.25 0.60 5.3 15.0 304
1 M 0.25 0.60 5.6 15.7 362
1 F 0.26 0.60 5.5 15.5 305
1 F 0.26 0.60 6.1 17.1 338
1 F 0.26 0.59 6.0 17.4 361
1 F 0.26 0.62 5.8 15.3 358
1 F 0.26 0.64 7.4 18.0 NR
1 F 0.26 0.62 6.6 17.6 346
1 M 0.26 0.62 6.3 16.2 321
1 F 0.26 0.60 6.1 16.6 349
1 M 0.26 0.62 6.9 17.9 366
1 F 0.26 0.60 6.4 18.0 NR
1 M 0.26 0.60 6.4 18.0 328
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

258 391 78.7 56.4 52.1
316 451 77.5 52.3 54.3
345 305 48.3 58.6 54.7
305 370 64.2 50.1 52.9
310 436 74.6 54.7 53.0
389 446 61.8 54.3 54.0
388 381 54.3 53.3 55.2
301 335 58.8 53.7 52.9
262 330 65.5 52.2 52.1
317 351 58.8 55.1 53.1
343 385 60.0 59.4 53.5
328 326 54.3 NA 54.5
323 389 64.1 59.8 53.2
369 563 82.0 59.0 53.8
277 400 75.6 60.0 52.4
299 326 58.9 51.8 54.0
320 565 93.8 61.6 53.2
291 340 61.6 64.9 52.7
349 622 95.6 50.6 53.6
332 322 51.7 51.2 53.3
357 396 61.0 54.8 54.8
298 394 71.5 62.9 54.0
320 321 53.3 54.1 53.2
277 434 84.1 64.3 53.6
353 406 63.0 60.3 54.8
401 516 71.2 NA 55.3
347 433 68.3 52.8 54.7
324 445 74.8 67.9 54.4
358 359 53.8 50.3 53.7
276 388 75.4 68.8 53.6
413 517 69.4 58.3 55.4
280 446 83.6 57.0 52.5
303 370 66.0 64.6 54.1
289 302 55.0 55.5 52.7
324 436 71.7 55.5 53.2
322 354 58.6 59.7 53.2
308 412 70.8 61.6 53.0
400 623 84.3 NA 54.1
356 355 53.4 52.2 53.6
344 346 55.0 51.1 54.7
322 390 64.3 57.7 53.2
382 658 95.0 52.8 55.1
340 407 64.0 NA 53.4
353 330 51.2 51.0 54.8

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

1 F 0.27 0.60 6.0 16.6 390
1 F 0.27 0.62 5.7 14.8 328
1 F 0.27 0.62 6.6 17.2 331
1 F 0.27 0.60 5.5 15.1 356
1 M 0.27 0.61 5.7 15.3 NR
1 F 0.27 0.60 5.9 16.6 351
1 F 0.27 0.65 7.1 16.9 339
1 M 0.27 0.62 6.6 17.3 401
1 F 0.27 0.61 5.6 15.0 372
1 F 0.27 0.60 5.8 16.1 385
1 F 0.28 0.62 6.5 16.8 402
1 F 0.28 0.61 6.2 16.7 405
1 M 0.28 0.59 5.4 15.9 367
1 F 0.28 0.63 6.6 17.0 379
1 M 0.28 0.63 7.1 18.0 426
1 M 0.28 0.65 7.0 16.8 401
2 F 0.44 0.67 6.9 15.6 390
2 F 0.45 0.68 8.0 17.6 446
2 M 0.46 0.68 7.2 15.6 420
2 F 0.47 0.63 6.4 15.9 380
2 F 0.47 0.68 7.5 16.3 372
2 F 0.47 0.69 8.1 17.0 463
2 F 0.47 0.64 7.3 17.9 462
2 F 0.48 0.66 7.0 16.4 424
2 F 0.48 0.66 7.6 17.6 460
2 F 0.48 0.67 8.1 18.2 407
2 M 0.48 0.67 8.9 19.8 456
2 M 0.48 0.64 6.8 16.7 359
2 F 0.48 0.65 7.6 17.8 420
2 F 0.48 0.64 7.2 17.4 394
2 M 0.48 0.66 7.4 16.8 459
2 M 0.48 0.70 8.1 16.4 548
2 M 0.48 0.72 8.9 17.2 502
2 F 0.48 0.66 7.2 16.3 473
2 F 0.49 0.66 7.7 17.8 386
2 M 0.49 0.68 7.2 15.4 411
2 F 0.49 0.69 8.4 17.4 503
2 F 0.49 0.67 8.1 17.9 426
2 M 0.49 0.66 7.9 18.3 448
2 F 0.49 0.65 7.1 16.5 446
2 M 0.49 0.69 8.1 17.3 502
2 F 0.50 0.67 8.4 18.8 438
2 F 0.50 0.64 6.9 16.8 416
2 M 0.50 0.67 7.5 16.5 465
2 F 0.50 0.66 7.8 18.2 411
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

316 524 87.9 65.4 53.1
300 415 73.2 58.0 52.8
353 389 59.0 50.3 53.6
288 506 92.6 65.2 52.6
310 510 89.1 NA 54.2
314 392 66.3 59.3 53.1
384 542 76.2 47.6 54.0
363 579 87.7 60.8 54.9
298 422 74.8 66.1 52.8
305 391 67.8 66.7 52.9
348 444 68.4 62.0 53.5
332 562 90.4 65.2 53.3
293 410 75.4 67.5 53.9
356 387 58.4 57.1 53.6
395 640 89.6 59.7 55.3
386 391 55.9 57.3 55.2
370 498 72.4 56.6 53.8
437 654 81.5 55.5 54.4
396 433 60.3 58.5 55.3
342 476 74.5 59.5 53.5
405 488 65.4 49.8 54.2
443 501 61.6 56.9 54.5
394 479 65.7 63.4 54.1
379 529 75.2 60.2 53.9
410 611 80.8 60.9 54.2
441 760 93.9 50.3 54.5
497 429 48.4 51.5 56.1
376 452 66.1 52.6 55.1
410 575 76.0 55.4 54.2
388 489 68.0 54.9 54.0
407 599 81.4 62.3 55.4
452 718 88.6 67.6 55.8
500 661 74.2 56.3 56.1
389 716 99.5 65.7 54.0
418 414 53.7 50.1 54.3
396 550 76.7 57.3 55.3
456 607 72.7 60.3 54.6
441 482 59.5 52.6 54.5
437 656 83.4 57.0 55.6
380 494 70.0 63.2 53.9
452 778 96.0 62.0 55.8
457 576 68.8 52.3 54.6
370 419 60.9 60.4 53.8
416 478 63.9 62.0 55.5
426 740 94.4 52.4 54.4

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

2 F 0.50 0.67 7.1 16.0 500
2 M 0.50 0.69 9.3 19.7 553
2 F 0.50 0.66 7.4 17.0 501
2 M 0.50 0.68 8.3 18.2 474
2 F 0.50 0.64 7.2 17.5 423
2 F 0.50 0.68 7.0 15.3 417
2 F 0.51 0.65 8.3 19.6 452
2 F 0.51 0.71 9.1 18.1 519
2 M 0.51 0.68 7.9 17.2 487
2 F 0.51 0.68 8.0 17.4 444
2 M 0.51 0.67 9.1 20.2 494
2 F 0.51 0.68 7.5 16.1 405
2 F 0.51 0.67 6.9 15.5 426
2 M 0.52 0.64 6.5 15.6 413
2 M 0.52 0.69 7.8 16.4 445
2 F 0.52 0.67 7.8 17.3 477
2 M 0.52 0.67 8.4 18.6 538
2 M 0.52 0.69 8.0 16.8 532
2 F 0.53 0.67 7.4 16.6 425
2 M 0.53 0.66 7.3 16.8 431
2 F 0.53 0.67 6.6 14.9 394
2 M 0.53 0.69 8.4 17.5 529
2 F 0.53 0.68 7.6 16.4 487
2 F 0.54 0.69 8.4 17.9 485
2 F 0.54 0.70 8.8 17.8 522
2 M 0.55 0.69 8.4 17.8 445
2 F 0.56 0.69 8.7 18.2 475
3 M 0.73 0.71 8.2 16.3 555
3 F 0.73 0.70 8.2 16.7 496
3 M 0.73 0.69 7.3 15.6 498
3 F 0.73 0.71 8.2 16.2 514
3 M 0.73 0.73 10.6 19.9 621
3 F 0.74 0.73 9.5 17.8 497
3 F 0.74 0.69 7.2 15.2 473
3 F 0.74 0.74 9.3 16.9 592
3 F 0.74 0.72 8.3 16.0 NR
3 F 0.74 0.71 8.0 15.7 511
3 M 0.74 0.75 10.0 17.7 566
3 F 0.74 0.73 8.9 17.0 478
3 F 0.74 0.70 9.2 18.5 554
3 F 0.74 0.74 10.3 19.1 569
3 F 0.74 0.68 7.9 17.0 485
3 M 0.74 0.74 9.2 17.0 561
3 M 0.74 0.72 8.0 15.4 NR
3 F 0.74 0.69 8.2 17.5 434
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

384 635 89.2 70.2 54.0
524 592 63.5 59.4 56.3
398 689 93.5 68.1 54.1
465 566 68.0 56.9 55.9
391 578 80.0 58.5 54.0
380 448 63.6 59.2 53.9
454 577 69.4 54.4 54.6
499 657 72.3 57.2 54.9
440 464 58.7 61.6 55.7
435 603 75.4 55.5 54.4
511 555 61.0 54.3 56.2
404 448 60.0 54.4 54.2
373 486 70.2 61.4 53.8
354 598 92.5 63.9 54.8
437 541 68.9 56.7 55.6
424 750 96.0 61.1 54.3
472 657 77.9 63.8 55.9
448 736 91.6 66.2 55.7
399 436 59.0 57.6 54.1
404 598 82.0 59.1 55.4
355 443 66.8 59.4 53.6
470 734 87.3 62.9 55.9
412 748 98.4 64.0 54.2
458 625 74.5 57.8 54.6
484 662 74.9 59.1 54.8
467 739 88.4 53.3 55.9
478 725 83.1 54.4 54.8
459 732 89.0 67.4 55.8
446 554 67.7 60.7 54.5
406 654 89.1 67.9 55.4
446 686 83.8 62.8 54.5
601 803 75.7 58.5 56.6
524 523 55.0 52.2 55.0
389 593 82.3 65.7 54.0
513 699 74.9 63.4 55.0
454 764 91.8 NA 54.6
434 543 68.1 64.0 54.4
564 964 96.5 56.6 56.5
490 727 81.4 53.6 54.8
504 804 87.6 60.3 54.9
572 786 76.0 55.1 55.3
429 560 71.0 61.4 54.4
517 850 92.4 61.0 56.2
444 618 77.5 NA 55.7
448 712 86.6 52.8 54.5

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

3 M 0.74 0.70 10.0 20.2 503
3 F 0.74 0.70 8.0 16.4 526
3 F 0.74 0.73 9.3 17.6 510
3 F 0.74 0.71 9.4 18.7 609
3 F 0.75 0.69 8.9 18.5 563
3 M 0.75 0.68 7.4 16.3 470
3 M 0.75 0.70 8.1 16.6 490
3 M 0.75 0.73 8.8 16.7 594
3 M 0.75 0.73 9.0 17.2 596
3 F 0.75 0.70 7.5 15.3 428
3 F 0.75 0.70 8.6 17.5 500
2 M 0.75 0.71 8.6 17.0 497
3 F 0.75 0.75 9.8 17.4 551
3 F 0.76 0.71 8.6 17.0 526
3 F 0.76 0.68 8.2 17.7 435
3 F 0.76 0.70 8.2 16.9 537
3 M 0.76 0.73 9.6 17.9 433
3 M 0.76 0.71 8.5 16.8 547
3 F 0.76 0.69 8.0 16.7 NR
3 F 0.76 0.72 9.1 17.5 NR
3 M 0.76 0.73 9.1 17.4 594
3 M 0.76 0.71 9.9 19.6 NR
3 F 0.76 0.70 9.4 19.1 557
3 M 0.76 0.75 8.5 15.4 547
3 F 0.77 0.71 7.4 15.0 459
3 F 0.77 0.70 8.1 16.4 481
3 F 0.77 0.70 8.8 17.9 447
3 F 0.77 0.73 8.6 16.4 610
3 F 0.77 0.69 8.3 17.4 492
3 F 0.77 0.73 8.8 16.3 508
3 M 0.77 0.72 9.0 17.6 566
3 M 0.78 0.71 8.0 15.7 541
3 F 0.78 0.70 8.4 17.0 479
3 M 0.79 0.73 9.5 17.7 592
3 F 0.79 0.71 9.0 17.8 507
3 M 0.82 0.74 9.2 17.0 628
3 F 0.92 0.75 9.2 16.5 NR
4 M 0.97 0.72 8.8 17.1 NR
4 M 0.98 0.75 9.0 15.8 609
4 F 0.98 0.75 9.8 17.4 624
4 F 0.98 0.72 10.3 20.2 NR
4 M 0.98 0.75 8.8 15.9 564
4 F 0.99 0.80 10.6 16.7 641
4 M 0.99 0.77 9.9 16.7 594
4 M 0.99 0.77 11.7 20.0 615
4 F 0.99 0.77 10.0 17.2 617
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

557 879 89.1 51.0 56.4
437 585 72.9 65.6 54.4
512 788 84.8 54.8 55.0
520 751 79.5 64.5 55.0
486 725 81.8 63.5 54.8
412 758 102.0 63.2 55.4
454 747 91.8 60.2 55.8
496 711 80.4 67.2 56.1
508 492 54.4 65.9 56.2
407 609 81.1 57.1 54.2
469 649 75.7 58.4 54.7
478 620 72.6 58.1 56.0
540 698 71.3 56.3 55.1
472 620 71.9 61.1 54.7
449 576 69.9 52.7 54.6
450 539 65.4 65.1 54.6
538 610 63.8 45.3 56.3
475 670 78.9 64.4 55.9
435 786 98.3 NA 54.4
500 662 72.7 NA 54.9
513 764 83.6 65.0 56.2
559 840 84.8 NA 56.4
516 923 98.4 59.3 55.0
478 727 85.1 64.1 56.0
402 558 75.1 61.7 54.1
440 574 71.2 59.6 54.5
480 605 69.0 51.0 54.8
473 780 90.2 70.6 54.7
455 627 75.2 59.0 54.6
480 509 58.1 58.0 54.8
506 802 88.9 62.7 56.2
447 654 81.5 67.4 55.7
458 744 88.7 57.0 54.6
533 754 79.6 62.5 56.3
491 656 73.3 56.7 54.8
519 674 73.1 68.1 56.2
508 582 63.0 NA 55.0
491 751 85.6 NA 56.0
503 812 90.6 67.9 56.1
550 754 77.1 63.8 55.1
572 778 75.2 NA 55.3
494 539 61.1 64.0 56.1
585 852 80.6 60.6 55.4
556 705 71.6 60.2 56.4
666 911 77.8 52.5 56.9
555 839 83.5 61.3 55.2

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

4 F 0.99 0.78 9.5 15.6 556
4 F 0.99 0.79 10.3 16.6 649
4 F 0.99 0.74 9.9 18.0 639
4 F 0.99 0.71 8.9 17.4 638
4 M 0.99 0.74 10.8 19.8 649
4 F 0.99 0.75 9.1 16.2 588
4 M 0.99 0.77 10.2 17.2 592
4 F 0.99 0.76 10.5 18.4 510
4 F 1.00 0.74 9.9 18.3 579
4 M 1.00 0.74 8.8 16.1 605
4 M 1.00 0.81 10.6 16.3 571
4 F 1.00 0.74 8.9 16.1 NR
4 M 1.00 0.75 9.4 16.8 593
4 F 1.00 0.71 8.8 17.4 456
4 F 1.00 0.75 8.9 15.8 NR
4 M 1.00 0.76 9.6 16.5 641
4 F 1.01 0.75 8.2 14.5 553
4 M 1.01 0.75 10.2 18.0 581
4 F 1.01 0.74 8.9 16.1 611
4 M 1.01 0.78 10.0 16.3 530
4 F 1.01 0.77 9.8 16.6 604
4 F 1.01 0.77 10.6 18.1 589
4 M 1.01 0.75 9.8 17.3 660
4 F 1.01 0.75 8.9 15.9 NR
4 M 1.01 0.75 8.8 15.8 NR
4 F 1.01 0.72 8.9 17.1 530
4 M 1.02 0.76 10.3 17.8 646
4 F 1.02 0.73 9.1 17.3 641
4 M 1.02 0.77 9.9 16.8 640
4 M 1.02 0.75 11.1 19.4 750
4 F 1.02 0.76 10.0 17.4 609
4 F 1.02 0.76 9.5 16.4 593
4 F 1.03 0.74 9.2 16.9 612
4 F 1.03 0.76 10.9 18.8 580
4 F 1.03 0.79 9.8 15.8 689
4 F 1.04 0.78 9.6 15.9 541
4 M 1.04 0.73 8.4 15.9 612
4 F 1.04 0.79 10.8 17.2 NR
4 F 1.04 0.78 9.7 16.1 599
3 M 1.06 0.75 9.9 17.6 660
4 F 1.07 0.75 8.6 15.4 543
4 F 1.16 0.78 10.1 16.6 573
5 M 1.44 0.84 11.0 15.7 731
5 F 1.45 0.85 12.4 17.2 859
5 M 1.45 0.84 11.2 15.9 568
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

521 647 68.3 58.7 55.0
571 747 72.3 62.8 55.3
546 866 87.4 64.5 55.2
485 738 83.4 72.1 54.8
615 1,053 97.0 59.8 56.7
501 711 78.0 64.5 54.9
578 852 83.4 58.0 56.5
582 961 91.4 48.5 55.4
544 885 89.7 58.6 55.2
495 674 76.4 68.6 56.1
601 1,068 100.6 53.8 56.7
487 599 67.5 NA 54.8
528 586 62.6 63.3 56.3
479 555 63.4 52.1 54.8
486 676 76.2 NA 54.8
543 804 83.6 66.6 56.4
447 589 71.9 67.6 54.5
577 802 78.7 56.9 56.5
487 844 95.0 68.8 54.8
564 624 62.4 53.1 56.5
540 698 71.2 61.6 55.2
587 544 51.3 55.6 55.4
554 828 84.2 67.2 56.4
489 878 98.4 NA 54.8
493 751 85.5 NA 56.1
486 789 89.0 59.7 54.8
584 747 72.4 62.6 56.6
500 836 91.9 70.4 54.9
558 681 69.0 64.8 56.4
628 935 84.6 67.8 56.8
553 593 59.1 60.8 55.2
522 612 64.5 62.6 55.0
509 909 98.2 66.1 55.0
602 922 84.9 53.4 55.5
543 894 90.8 69.9 55.2
528 597 62.3 56.4 55.1
470 783 93.0 72.8 55.9
600 730 67.4 NA 55.4
534 891 92.0 61.8 55.1
559 789 79.7 66.6 56.4
469 750 87.5 63.3 54.7
558 875 86.6 56.7 55.2
627 926 83.8 66.1 56.8
692 899 72.5 69.3 55.8
638 1,054 93.8 50.6 56.8

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

5 M 1.47 0.81 10.1 15.6 694
5 F 1.47 0.83 11.0 16.2 690
5 M 1.47 0.82 11.5 17.0 722
5 F 1.47 0.82 11.7 17.5 717
5 M 1.48 0.80 9.8 15.3 697
5 F 1.48 0.78 9.3 15.3 582
5 M 1.49 0.87 12.5 16.7 733
5 M 1.49 0.80 11.6 18.3 806
5 M 1.49 0.82 11.2 16.6 650
5 M 1.49 0.81 12.3 19.0 718
4 F 1.49 0.80 9.4 14.6 588
5 M 1.49 0.83 11.2 16.2 705
5 F 1.49 0.81 9.9 15.0 560
5 F 1.49 0.77 9.9 16.7 550
5 M 1.50 0.85 11.8 16.4 662
5 M 1.50 0.82 10.2 15.3 720
5 F 1.50 0.78 9.5 15.6 592
5 M 1.50 0.83 11.8 17.1 NR
5 F 1.50 0.83 11.1 16.1 696
5 F 1.50 0.85 12.7 17.7 NR
5 F 1.50 0.85 11.2 15.6 NR
5 F 1.50 0.78 10.1 16.5 NR
5 F 1.50 0.81 8.9 13.5 531
5 F 1.50 0.80 9.8 15.4 585
5 F 1.50 0.85 11.9 16.6 708
5 F 1.50 0.85 11.6 16.0 695
5 F 1.51 0.83 12.0 17.4 677
5 F 1.51 0.81 11.0 16.6 588
5 M 1.51 0.83 10.4 15.1 588
5 F 1.51 0.80 10.0 15.8 648
5 F 1.51 0.80 10.0 15.5 554
5 M 1.51 0.79 9.3 14.9 643
5 F 1.51 0.83 11.0 16.0 634
5 F 1.51 0.83 10.8 15.8 679
5 F 1.51 0.82 12.9 19.2 636
5 F 1.51 0.79 11.3 18.2 612
5 F 1.52 0.80 11.5 17.8 NR
5 M 1.52 0.81 10.4 15.8 654
5 F 1.52 0.81 9.8 15.0 620
5 F 1.53 0.79 9.7 15.5 NR
5 F 1.54 0.82 10.2 15.2 694
5 F 1.54 0.84 11.1 15.8 618
5 F 1.54 0.80 10.0 15.6 669
5 M 1.54 0.88 11.6 14.9 743
5 F 1.54 0.86 11.9 16.2 628
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

570 935 92.8 68.8 56.5
611 858 77.9 62.7 55.5
654 867 75.4 62.7 56.9
653 790 67.4 61.2 55.7
555 779 79.1 70.8 56.4
512 626 67.2 62.5 55.0
713 978 78.3 58.7 57.1
663 852 73.2 69.2 56.9
636 1,097 98.0 58.0 56.8
704 991 80.3 58.2 57.0
519 854 90.6 62.3 55.0
639 1,031 91.6 62.6 56.8
544 565 57.3 56.8 55.2
544 595 60.3 55.8 55.2
672 934 79.2 56.1 56.9
580 930 90.7 70.2 56.6
521 605 64.0 62.6 55.0
672 1,024 86.8 NA 56.9
617 899 80.8 62.6 55.5
710 933 73.5 NA 55.9
619 743 66.6 NA 55.5
558 890 88.1 NA 55.2
486 654 73.7 59.8 54.8
541 842 85.8 59.7 55.2
661 683 57.5 59.7 55.7
645 729 62.9 60.0 55.6
666 1,162 97.2 56.7 55.7
612 1,076 97.6 53.4 55.5
588 731 70.4 56.6 56.6
554 619 61.7 64.5 55.2
554 969 96.6 55.2 55.2
524 831 89.1 68.9 56.3
608 808 73.7 57.8 55.5
598 739 68.6 63.0 55.4
723 1,194 92.4 49.2 55.9
630 860 75.8 54.0 55.6
637 1,108 96.7 NA 55.6
586 822 79.5 63.2 56.6
540 598 61.1 63.4 55.1
536 866 89.0 NA 55.1
565 971 95.0 67.9 55.3
618 858 77.1 55.5 55.5
550 907 91.1 67.2 55.2
660 759 65.4 64.0 56.9
661 1,109 93.5 52.9 55.7

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

5 M 1.54 0.81 10.7 16.2 751
5 F 1.56 0.84 11.5 16.3 638
5 F 1.56 0.84 12.6 17.9 692
5 F 1.59 0.85 12.3 17.1 592
5 F 1.59 0.84 11.5 16.3 NR
5 F 1.61 0.82 10.2 15.1 681
5 M 1.62 0.82 10.5 15.5 700
6 F 1.93 0.92 14.1 16.6 829
6 F 1.97 0.86 11.4 15.4 700
6 F 1.98 0.89 11.7 14.9 747
6 F 1.98 0.86 12.6 17.2 NR
6 F 1.98 0.88 12.2 15.6 766
6 M 1.98 0.90 11.9 14.8 753
6 M 1.98 0.87 11.6 15.3 674
6 F 1.99 0.83 10.8 15.7 690
6 F 1.99 0.90 13.1 16.0 745
6 M 1.99 0.88 13.0 16.8 NR
6 F 1.99 0.88 11.3 14.8 681
6 F 1.99 0.92 13.2 15.8 844
6 F 2.00 0.83 9.9 14.5 539
6 F 2.00 0.86 12.7 17.0 788
6 M 2.00 0.90 12.6 15.6 740
6 M 2.00 0.84 10.5 14.9 621
6 M 2.00 0.86 12.1 16.2 691
6 F 2.00 0.88 11.6 15.0 627
6 M 2.00 0.89 11.8 15.0 NR
6 M 2.00 0.88 12.8 16.3 814
6 M 2.00 0.85 11.3 15.7 NR
6 M 2.00 0.86 10.8 14.7 585
6 F 2.01 0.87 12.2 16.0 684
6 M 2.01 0.90 12.9 16.1 NR
6 F 2.01 0.87 11.2 14.6 684
6 F 2.01 0.89 12.0 15.1 566
6 M 2.01 0.87 11.2 14.8 702
6 M 2.01 0.88 12.5 16.1 591
6 F 2.01 0.90 13.0 16.2 NR
6 F 2.01 0.92 12.6 14.9 667
6 F 2.01 0.85 11.4 16.0 688
6 F 2.01 0.86 12.5 17.0 600
6 F 2.01 0.92 12.9 15.2 628
6 F 2.01 0.85 12.6 17.6 NR
6 F 2.01 0.88 12.4 16.0 NR
6 F 2.02 0.93 14.2 16.5 679
6 F 2.02 0.87 11.8 15.5 798
6 F 2.03 0.89 13.0 16.3 806
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

609 942 87.7 69.9 56.7
641 730 63.3 55.4 55.6
701 858 68.4 55.2 55.8
684 968 79.0 48.3 55.8
641 719 62.4 NA 55.6
565 867 84.7 66.5 55.3
592 942 90.0 66.9 56.6
791 1,189 84.4 58.8 56.1
634 1,003 88.0 61.4 55.6
652 813 69.4 63.8 55.7
706 1,022 80.8 NA 55.9
677 854 70.3 63.0 55.8
677 1,188 100.0 63.4 57.0
659 904 78.1 58.2 56.9
602 1,075 99.1 63.6 55.4
730 782 59.9 57.1 55.9
741 1,250 96.4 NA 57.2
628 871 77.1 60.2 55.6
740 1,085 82.1 63.8 56.0
547 840 84.8 54.4 55.2
708 855 67.5 62.2 55.9
721 922 73.1 58.7 57.1
594 811 77.2 59.2 56.6
690 1,059 87.5 57.1 57.0
648 1,036 89.0 53.9 55.6
673 920 77.9 NA 56.9
729 1,078 84.5 63.8 57.1
642 757 67.0 NA 56.8
612 935 86.6 54.2 56.7
680 921 75.5 56.1 55.8
737 881 68.4 NA 57.2
621 786 70.4 61.1 55.5
670 1,119 93.1 47.1 55.7
639 977 86.9 62.4 56.8
712 856 68.6 47.4 57.1
729 1,127 86.5 NA 55.9
702 1,201 95.5 53.1 55.8
633 723 63.5 60.4 55.6
699 1,193 95.3 47.9 55.8
720 844 65.6 48.8 55.9
702 755 60.1 NA 55.8
692 1,023 82.5 NA 55.8
797 1,099 77.4 47.8 56.1
655 1,172 99.7 67.8 55.7
727 1,029 79.2 62.0 55.9

continued
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TABLE I-1 Continued

Age Height Weight BEEo
RR Sex (y) (m) (kg) BMI (kcal/d)

6 F 2.03 0.82 11.2 16.5 635
6 M 2.04 0.88 11.4 14.8 798
6 F 2.04 0.85 11.5 15.8 725
6 F 2.05 0.84 10.7 15.2 646
6 F 2.11 0.90 12.5 15.5 572

NOTE: RR = number of repeated doubly labeled water measurements on the same
subject, BEEo = basal energy expenditure (BEE) as observed in the study, BEEp = BEE
as predicted using Schofield equations (Schofield WN. 1985. Predicting basal metabolic
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BEEp TEE
(kcal/d) (kcal/d) TEE/kg BMRo/kg BMRp/kg

621 921 82.4 56.8 55.5
648 908 79.7 70.0 56.8
638 845 73.7 63.2 55.6
592 978 91.6 60.5 55.4
696 837 67.2 45.8 55.8

rate, new standards and review of previous work. Human Nutr Clin Nutr 39C:5–41),
TEE= total energy expenditure, F = female, M = male, NR = not reported, NA = not
applicable.
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TABLE I-2  Normal Weight Children, 3 Through 18 Years of
Age with Body Mass Index (BMI) ≥ 85th Percentile

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

M 3.0 1.13 20.3 15.9 1,080 1,132
M 4.0 1.07 18.4 16.1 960 1,010
M 4.0 1.13 20.0 15.7 970 1,083
M 4.0 1.11 19.5 15.8 965 1,060
M 4.0 1.07 18.6 16.3 NR 1,008
M 4.2 1.03 16.9 15.9 NR 944
M 4.2 1.11 19.1 15.4 NR 1,044
M 4.2 1.02 17.1 16.5 NR 939
M 4.3 1.06 17.6 15.6 NR 974
M 4.4 1.06 16.6 14.8 NR 948
M 4.5 1.07 19.1 16.6 NR 1,001
M 4.6 1.04 16.0 14.7 NR 920
M 4.7 1.04 16.2 15.0 NR 916
M 4.8 1.02 16.3 15.6 NR 898
M 5.0 1.12 17.6 14.0 840 987
M 5.0 1.13 18.9 14.8 940 1,019
M 5.0 1.05 16.1 14.6 810 908
M 5.0 1.12 19.8 15.8 845 1,029
M 5.0 1.21 20.3 13.9 1,030 1,103
M 5.0 1.09 19.1 16.1 980 994
M 5.0 1.07 16.7 14.6 850 934
M 5.0 1.17 22.4 16.4 1,135 1,115
M 5.0 1.03 15.4 14.5 810 880
M 5.0 1.14 21.1 16.2 1,050 1,068
M 5.0 1.07 15.9 13.9 790 919
M 5.0 1.18 21.6 15.5 1,030 1,106
M 5.0 1.12 19.5 15.6 935 1,023
M 5.0 1.16 21.6 16.0 1,150 1,092
M 5.0 1.19 21.8 15.4 1,155 1,117
M 5.0 1.10 17.6 14.6 925 973
M 5.0 1.11 18.0 14.6 940 987
M 5.0 1.16 19.8 14.7 965 1,058
M 5.0 1.10 17.8 14.7 1,010 976
M 5.0 1.20 21.8 15.1 975 1,124
M 5.0 1.10 19.5 16.1 1,025 1,009
M 5.0 1.16 20.9 15.5 1,045 1,079
M 5.0 1.11 17.2 14.0 960 972
M 5.0 1.09 18.5 15.6 1,010 983
M 5.0 1.08 16.8 14.4 885 943
M 5.0 1.06 17.6 15.7 880 944
M 5.0 1.19 23.1 16.3 1,055 1,142
M 5.0 1.14 18.2 14.0 960 1,013
M 5.0 1.10 19.2 15.9 970 1,003
M 5.0 1.14 19.4 14.9 1,035 1,036
M 5.0 1.19 20.4 14.4 975 1,090
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TEE PALo PALp PALCAT

1,684 1.56 1.49 LA
1,334 1.39 1.32 S
1,483 1.53 1.37 LA
1,506 1.56 1.42 LA
1,565 NR 1.55 LA
1,150 NR 1.22 S
1,523 NR 1.46 LA
1,341 NR 1.43 LA
1,341 NR 1.38 S
1,154 NR 1.22 S
1,370 NR 1.37 S
1,107 NR 1.20 S
1,212 NR 1.32 S
1,525 NR 1.70 A
1,052 1.25 1.07 S
1,098 1.17 1.08 S
1,013 1.25 1.12 S
1,164 1.38 1.13 S
1,258 1.22 1.14 S
1,142 1.17 1.15 S
1,084 1.28 1.16 S
1,304 1.15 1.17 S
1,041 1.29 1.18 S
1,265 1.20 1.18 S
1,090 1.38 1.19 S
1,328 1.29 1.20 S
1,230 1.32 1.20 S
1,330 1.16 1.22 S
1,370 1.19 1.23 S
1,196 1.29 1.23 S
1,236 1.31 1.25 S
1,329 1.38 1.26 S
1,231 1.22 1.26 S
1,421 1.46 1.26 LA
1,277 1.25 1.27 S
1,368 1.31 1.27 S
1,238 1.29 1.27 S
1,257 1.24 1.28 S
1,210 1.37 1.28 S
1,223 1.39 1.30 S
1,496 1.42 1.31 LA
1,332 1.39 1.32 S
1,324 1.37 1.32 S
1,371 1.32 1.32 S
1,454 1.49 1.33 LA continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

M 5.0 1.08 17.3 14.8 975 953
M 5.0 1.07 18.6 16.2 1,035 970
M 5.0 1.14 20.0 15.4 1,055 1,047
M 5.0 1.20 21.8 15.1 1,055 1,124
M 5.0 1.10 19.0 15.7 1,020 1,000
M 5.0 1.21 22.3 15.2 1,120 1,141
M 5.0 1.13 18.9 14.8 1,120 1,019
M 5.0 1.09 17.3 14.6 846 960
M 5.0 1.12 19.3 15.4 1,055 1,020
M 5.0 1.13 19.0 14.9 1,055 1,021
M 5.0 1.19 21.4 15.1 1,295 1,110
M 5.0 1.19 22.4 15.8 1,085 1,129
M 5.0 1.09 19.0 16.0 995 992
M 5.0 1.13 18.5 14.5 1,010 1,011
M 5.0 1.13 19.6 15.4 1,050 1,032
M 5.0 1.10 19.4 16.0 1,005 1,007
M 5.0 1.10 18.7 15.5 955 994
M 5.0 1.14 21.0 16.2 1,120 1,066
M 5.0 1.02 16.1 15.5 NR 887
M 5.0 1.12 18.3 14.6 1,010 1,000
M 5.0 1.20 23.0 16.0 1,080 1,148
M 5.0 1.11 18.8 15.3 955 1,003
M 5.0 1.15 20.6 15.6 1,068 1,066
M 5.0 1.12 17.5 14.0 1,080 985
M 5.0 1.18 21.3 15.3 980 1,101
M 5.0 1.10 18.5 15.0 989 997
M 5.0 1.06 18.0 16.0 1,005 952
M 5.0 1.11 17.1 13.9 1,070 970
M 5.0 1.09 18.5 15.6 905 983
M 5.0 1.12 19.6 15.6 1,005 1,025
M 5.0 1.13 20.0 15.7 1,140 1,040
M 5.0 1.10 17.4 14.4 NR 967
M 5.0 1.07 16.2 14.1 NR 923
M 5.1 1.05 16.5 15.0 NR 909
M 5.1 1.09 19.1 16.1 NR 989
M 5.2 1.17 19.0 13.9 NR 1,042
M 5.3 1.09 17.8 15.0 NR 956
M 5.5 1.12 18.4 14.8 NR 978
M 5.5 1.11 19.8 16.0 NR 1,002
M 5.5 1.13 19.0 14.8 NR 1,000
M 5.6 1.20 21.8 15.1 NR 1,100
M 5.6 1.17 22.6 16.6 NR 1,088
M 5.6 1.11 19.3 15.7 NR 985
M 5.8 1.13 20.0 15.6 NR 1,004
M 6.0 1.21 24.2 16.5 1,145 1,134
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1,282 1.32 1.35 S
1,310 1.27 1.35 S
1,419 1.34 1.36 S
1,525 1.45 1.36 LA
1,363 1.34 1.36 S
1,559 1.39 1.37 S
1,399 1.25 1.37 S
1,318 1.56 1.37 LA
1,401 1.33 1.37 S
1,406 1.33 1.38 S
1,533 1.18 1.38 S
1,580 1.46 1.40 LA
1,389 1.40 1.40 S
1,419 1.40 1.40 LA
1,451 1.38 1.41 S
1,418 1.41 1.41 LA
1,404 1.47 1.41 LA
1,533 1.37 1.44 S
1,276 NR 1.44 LA
1,444 1.43 1.44 LA
1,662 1.54 1.45 LA
1,458 1.53 1.45 LA
1,553 1.45 1.46 LA
1,480 1.37 1.50 S
1,658 1.69 1.51 A
1,508 1.52 1.51 LA
1,441 1.43 1.51 LA
1,484 1.39 1.53 S
1,508 1.67 1.53 A
1,608 1.60 1.57 A
1,889 1.66 1.82 A
1,437 NR 1.49 LA
1,058 NR 1.15 S
1,347 NR 1.48 LA
1,362 NR 1.38 S
1,278 NR 1.23 S
1,421 NR 1.49 LA
1,521 NR 1.55 LA
1,392 NR 1.39 S
1,599 NR 1.60 LA
2,129 NR 1.94 VA
1,435 NR 1.32 S
1,253 NR 1.27 S
1,244 NR 1.24 S
1,328 1.16 1.17 S

continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

M 6.0 1.14 18.8 14.5 965 981
M 6.0 1.13 19.6 15.4 1,020 989
M 6.0 1.17 22.4 16.4 1,045 1,071
M 6.0 1.22 24.0 16.1 1,160 1,138
M 6.0 1.10 20.0 16.5 1,000 975
M 6.0 1.19 21.5 15.2 1,040 1,068
M 6.0 1.14 20.1 15.5 945 1,006
M 6.0 1.25 25.0 16.0 1,205 1,178
M 6.0 1.16 21.2 15.8 1,135 1,041
M 6.0 1.21 22.4 15.3 965 1,100
M 6.0 1.15 21.5 16.3 1,058 1,040
M 6.0 1.16 19.8 14.7 1,140 1,014
M 6.0 1.13 20.0 15.7 NR 995
M 6.1 1.17 23.1 16.9 NR 1,079
M 6.2 1.22 23.6 15.9 NR 1,120
M 6.3 1.26 24.2 15.3 NR 1,158
M 6.5 1.20 23.4 16.3 NR 1,087
M 6.6 1.12 18.1 14.4 NR 928
M 6.9 1.22 20.6 13.9 NR 1,029
M 6.9 1.20 21.3 14.8 NR 1,032
M 7.0 1.26 24.6 15.5 1,120 1,134
M 7.0 1.10 17.0 14.0 NR 874
M 7.0 1.26 22.0 13.9 1,010 1,084
M 7.0 1.20 24.6 17.0 NR 1,092
M 7.0 1.25 24.5 15.7 1,120 1,125
M 7.0 1.23 24.2 16.0 1,250 1,105
M 7.2 1.23 26.0 17.2 NR 1,131
M 7.2 1.20 21.5 15.0 NR 1,023
M 7.3 1.29 26.1 15.6 NR 1,174
M 7.8 1.27 24.8 15.4 NR 1,111
M 7.8 1.21 24.2 16.5 NR 1,056
M 8.0 1.22 25.1 16.9 1,057 1,072
M 8.0 1.21 23.7 16.2 910 1,038
M 8.0 1.32 27.2 15.6 1,035 1,184
M 8.0 1.26 27.0 17.0 1,180 1,137
M 8.0 1.27 22.4 13.9 NR 1,055
M 8.3 1.35 31.4 17.3 NR 1,274
M 8.3 1.36 31.9 17.2 NR 1,289
M 8.5 1.32 29.1 16.8 NR 1,195
M 9.0 1.31 31.0 18.1 1,025 1,206
M 9.1 1.30 26.8 15.9 NR 1,114
M 9.1 1.26 26.5 16.7 NR 1,080
M 9.1 1.43 32.8 16.0 NR 1,322
M 9.6 1.34 28.6 16.0 NR 1,152
M 9.6 1.37 28.8 15.4 NR 1,179
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1,200 1.24 1.22 S
1,258 1.23 1.27 S
1,381 1.32 1.29 S
1,574 1.36 1.38 S
1,361 1.36 1.40 S
1,508 1.45 1.41 LA
1,447 1.53 1.44 LA
1,725 1.43 1.46 LA
1,592 1.40 1.53 LA
1,696 1.76 1.54 A
1,628 1.54 1.57 LA
1,621 1.42 1.60 LA
1,692 NR 1.70 A
1,385 NR 1.28 S
1,536 NR 1.37 S
1,584 NR 1.37 S
1,880 NR 1.73 A
1,082 NR 1.17 S
1,509 NR 1.47 LA
1,370 NR 1.33 S
1,586 1.42 1.40 LA
1,277 NR 1.46 LA
1,606 1.59 1.48 LA
1,780 NR 1.63 A
1,847 1.65 1.64 A
1,873 1.50 1.69 LA
1,331 NR 1.18 S
1,697 NR 1.66 A
1,731 NR 1.48 LA
1,555 NR 1.40 LA
1,730 NR 1.64 A
1,603 1.52 1.50 LA
1,610 1.77 1.55 A
1,974 1.91 1.67 VA
1,937 1.64 1.70 A
1,937 NR 1.84 A
1,460 NR 1.15 S
2,338 NR 1.81 A
1,523 NR 1.27 S
1,671 1.63 1.39 A
1,533 NR 1.38 S
1,692 NR 1.57 LA
2,177 NR 1.65 A
1,178 NR 1.02 S
1,524 NR 1.29 S

continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

M 9.6 1.39 30.6 15.8 NR 1,230
M 9.7 1.33 31.3 17.8 NR 1,192
M 9.9 1.43 37.3 18.2 NR 1,374
M 10.0 1.46 35.4 16.6 1,185 1,354
M 10.0 1.40 32.2 16.4 1,120 1,250
M 10.0 1.51 35.2 15.4 1,374 1,386
M 10.0 1.41 33.8 17.0 NR 1,289
M 10.0 1.49 37.7 17.1 NR 1,416
M 10.0 1.50 41.5 18.4 1,330 1,500
M 10.0 1.46 40.9 19.2 1,540 1,460
M 10.0 1.43 34.4 16.8 1,265 1,314
M 10.0 1.39 32.2 16.7 1,276 1,243
M 10.4 1.25 25.0 16.0 NR 988
M 11.0 1.36 30.4 16.4 NR 1,144
M 11.0 1.37 35.2 18.8 1,105 1,243
M 11.0 1.48 34.5 15.8 1,305 1,308
M 12.0 1.60 50.0 19.5 NR 1,647
M 12.5 1.59 44.5 17.6 1,480 1,513
M 13.0 1.56 43.4 17.8 1,310 1,449
M 13.0 1.56 44.0 18.0 1,490 1,464
M 13.3 1.65 54.1 19.8 2,042 1,706
M 13.8 1.56 44.1 18.1 1,537 1,428
M 14.0 1.74 67.1 22.2 1,925 1,989
M 14.1 1.59 52.6 20.8 1,681 1,599
M 14.1 1.54 45.8 19.3 1,610 1,433
M 14.5 1.71 64.2 21.9 1,946 1,892
M 14.5 1.67 50.0 17.9 1,712 1,589
M 15.0 1.76 52.1 16.7 1,682 1,676
M 15.6 1.89 70.6 19.8 1,935 2,094
M 18.0 1.72 57.7 19.5 1,663 1,620
M 18.0 1.72 59.0 19.9 1,437 1,646
M 18.8 1.64 69.2 25.6 1,654 1,752
F 3.8 1.18 23.2 16.5 NR 1,044
F 4.0 1.04 16.7 15.4 905 901
F 4.0 1.10 18.0 14.9 965 948
F 4.0 1.13 19.2 15.0 890 977
F 4.0 1.06 15.4 13.7 893 903
F 4.0 1.04 16.9 15.6 875 902
F 4.0 0.98 15.0 15.7 NR 848
F 4.1 1.07 16.7 14.6 NR 916
F 4.4 1.06 16.0 14.2 NR 901
F 4.5 1.01 16.0 15.6 NR 869
F 4.6 1.04 17.9 16.6 NR 900
F 4.6 1.04 16.6 15.4 NR 888
F 4.6 1.03 15.2 14.3 NR 871
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1,859 NR 1.51 LA
1,462 NR 1.23 S
2,725 NR 1.98 VA
1,763 1.49 1.30 LA
1,781 1.59 1.42 LA
1,975 1.44 1.42 LA
1,844 NR 1.43 LA
2,125 NR 1.50 LA
2,318 1.74 1.55 A
2,474 1.61 1.69 A
2,265 1.79 1.72 A
2,302 1.80 1.85 A
1,891 NR 1.92 VA
1,602 NR 1.40 LA
1,834 1.66 1.48 A
1,945 1.49 1.49 LA
2,460 NR 1.49 LA
2,576 1.74 1.70 A
2,404 1.84 1.66 A
2,511 1.69 1.72 A
3,644 1.78 2.14 A
2,675 1.74 1.87 A
3,370 1.75 1.69 A
2,578 1.53 1.61 LA
2,814 1.75 1.96 A
3,257 1.67 1.72 A
3,172 1.85 2.00 A
2,979 1.77 1.78 A
4,130 2.13 1.97 VA
2,145 1.29 1.32 S
2,969 2.07 1.80 VA
3,749 2.27 2.14 VA
1,390 NR 1.33 S
1,164 1.29 1.29 S
1,252 1.30 1.32 S
1,357 1.52 1.39 LA
1,357 1.52 1.50 LA
1,534 1.75 1.70 A
1,059 NR 1.25 S

935 NR 1.02 S
1,130 NR 1.25 S
1,278 NR 1.47 LA
1,116 NR 1.24 S

924 NR 1.04 S
1,176 NR 1.35 S

continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 4.6 1.06 18.2 16.1 NR 916
F 4.8 1.03 16.2 15.3 NR 876
F 4.9 1.07 17.5 15.3 NR 910
F 5.0 1.15 19.9 15.0 885 977
F 5.0 1.14 20.9 16.1 920 979
F 5.0 1.02 16.0 15.4 820 865
F 5.0 1.13 18.2 14.2 940 951
F 5.0 1.17 18.8 13.7 930 981
F 5.0 1.11 19.1 15.5 840 946
F 5.0 1.03 14.6 13.8 845 860
F 5.0 1.12 20.3 16.2 880 961
F 5.0 1.17 22.7 16.6 1,030 1,012
F 5.0 1.10 18.9 15.6 810 938
F 5.0 1.13 17.9 14.0 975 949
F 5.0 1.17 19.1 14.0 910 983
F 5.0 1.12 18.5 14.8 960 947
F 5.0 1.02 17.4 16.7 810 876
F 5.0 1.14 21.6 16.6 885 984
F 5.0 1.19 21.9 15.5 1,050 1,018
F 5.0 1.08 18.3 15.7 850 921
F 5.0 1.08 19.0 16.3 935 926
F 5.0 1.09 17.7 14.9 895 922
F 5.0 1.16 20.4 15.2 1,000 987
F 5.0 1.05 17.8 16.1 900 898
F 5.0 1.08 17.9 15.4 910 917
F 5.0 1.19 20.4 14.4 970 1,006
F 5.0 1.10 17.9 14.8 900 930
F 5.0 1.12 20.1 16.0 1,040 960
F 5.0 1.13 19.7 15.4 890 963
F 5.0 1.13 19.6 15.4 1,015 962
F 5.0 1.11 18.9 15.3 890 944
F 5.0 1.09 19.0 16.0 960 932
F 5.0 1.12 20.5 16.3 990 963
F 5.0 1.11 18.8 15.3 800 943
F 5.0 1.07 16.1 14.1 810 897
F 5.0 1.08 16.7 14.3 965 908
F 5.0 1.18 20.9 15.0 1,015 1,004
F 5.0 1.07 16.1 14.1 935 897
F 5.0 1.12 20.1 16.0 880 960
F 5.0 1.08 17.6 15.1 985 915
F 5.0 1.10 17.3 14.3 845 925
F 5.0 1.09 19.3 16.2 849 935
F 5.0 1.08 15.9 13.6 880 902
F 5.0 1.10 19.9 16.4 870 946
F 5.0 1.07 17.9 15.6 990 911
F 5.0 1.19 20.8 14.7 985 1,009
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1,637 NR 1.79 A
1,355 NR 1.55 LA
1,028 NR 1.13 S
1,014 1.15 1.04 S
1,110 1.21 1.13 S

982 1.20 1.14 S
1,098 1.17 1.15 S
1,148 1.23 1.17 S
1,120 1.33 1.18 S
1,031 1.22 1.20 S
1,158 1.32 1.20 S
1,233 1.20 1.22 S
1,146 1.41 1.22 LA
1,161 1.19 1.22 S
1,204 1.32 1.22 S
1,161 1.21 1.23 S
1,079 1.33 1.23 S
1,215 1.37 1.23 S
1,267 1.20 1.24 S
1,146 1.35 1.24 S
1,178 1.26 1.27 S
1,175 1.31 1.27 S
1,272 1.27 1.29 S
1,166 1.30 1.30 S
1,194 1.31 1.30 S
1,311 1.35 1.30 S
1,212 1.35 1.30 S
1,251 1.20 1.30 S
1,255 1.41 1.30 LA
1,255 1.24 1.30 S
1,241 1.39 1.31 S
1,231 1.28 1.32 S
1,272 1.28 1.32 S
1,248 1.56 1.32 LA
1,192 1.47 1.33 LA
1,208 1.25 1.33 S
1,344 1.32 1.34 S
1,203 1.29 1.34 S
1,288 1.46 1.34 LA
1,239 1.26 1.35 S
1,257 1.49 1.36 LA
1,270 1.50 1.36 LA
1,239 1.41 1.37 LA
1,315 1.51 1.39 LA
1,271 1.28 1.40 S
1,416 1.44 1.40 LA

continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 5.0 1.12 18.2 14.5 985 945
F 5.0 1.13 20.6 16.1 922 970
F 5.0 1.15 21.6 16.3 980 990
F 5.0 1.09 18.2 15.3 795 926
F 5.0 1.15 18.5 14.0 835 966
F 5.0 1.04 17.0 15.7 950 885
F 5.0 1.19 23.5 16.6 1,055 1,030
F 5.0 1.15 21.4 16.2 940 989
F 5.0 1.14 19.8 15.2 795 970
F 5.0 1.14 21.2 16.3 1,070 981
F 5.0 1.21 23.3 15.9 1,000 1,041
F 5.0 1.12 17.9 14.3 965 942
F 5.0 1.15 19.5 14.7 1,005 974
F 5.0 1.03 16.0 15.1 890 871
F 5.0 1.21 22.2 15.2 945 1,033
F 5.0 1.11 20.1 16.3 970 954
F 5.0 1.14 20.5 15.8 970 975
F 5.0 1.12 18.7 14.9 860 949
F 5.0 1.17 19.1 14.0 975 983
F 5.0 1.17 21.8 15.9 974 1,004
F 5.0 1.11 19.9 16.2 990 952
F 5.0 1.11 19.7 16.0 990 950
F 5.0 1.06 18.2 16.2 840 907
F 5.0 1.10 18.2 15.0 935 932
F 5.2 1.10 18.5 15.3 NR 931
F 5.2 1.10 19.1 15.8 NR 935
F 5.3 1.09 19.7 16.6 NR 933
F 5.6 1.09 17.2 14.4 NR 908
F 5.6 1.13 19.4 15.2 NR 950
F 5.6 1.17 21.6 15.8 NR 993
F 5.7 1.22 20.9 14.0 NR 1,016
F 5.8 1.19 22.6 15.9 NR 1,010
F 6.0 1.10 18.9 15.6 980 920
F 6.0 1.13 19.9 15.6 925 947
F 6.0 1.13 18.6 14.6 780 937
F 6.0 1.01 13.7 13.4 875 823
F 6.0 1.17 19.3 14.1 980 967
F 6.0 1.09 19.1 16.1 870 916
F 6.0 1.22 23.6 15.9 1,152 1,032
F 6.0 1.19 23.2 16.4 1,130 1,010
F 6.0 1.18 20.2 14.5 NR 981
F 6.0 1.16 21.0 15.6 NR 974
F 6.0 1.27 26.9 16.7 NR 1,090
F 6.1 1.13 18.7 14.6 NR 935
F 6.1 1.09 18.0 15.2 NR 904
F 6.2 1.16 21.8 16.3 NR 975
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1,330 1.35 1.41 S
1,368 1.48 1.41 LA
1,411 1.44 1.42 LA
1,329 1.67 1.44 A
1,406 1.68 1.46 A
1,299 1.37 1.47 S
1,519 1.44 1.47 LA
1,458 1.55 1.47 LA
1,431 1.80 1.48 A
1,451 1.36 1.48 S
1,541 1.54 1.48 LA
1,395 1.45 1.48 LA
1,442 1.43 1.48 LA
1,299 1.46 1.49 LA
1,550 1.64 1.50 A
1,438 1.48 1.51 LA
1,480 1.53 1.52 LA
1,443 1.68 1.52 A
1,510 1.55 1.54 LA
1,556 1.60 1.55 LA
1,478 1.49 1.55 LA
1,485 1.50 1.56 LA
1,466 1.75 1.62 A
1,526 1.63 1.64 A
1,326 NR 1.42 LA
1,488 NR 1.59 LA
1,851 NR 1.98 VA
1,573 NR 1.73 A
1,205 NR 1.27 S
1,327 NR 1.34 S
1,239 NR 1.22 S
1,463 NR 1.45 LA
1,153 1.18 1.25 S
1,205 1.30 1.27 S
1,265 1.62 1.35 A
1,129 1.29 1.37 S
1,404 1.43 1.45 LA
1,353 1.56 1.48 LA
1,548 1.34 1.50 S
1,623 1.44 1.61 LA
1,589 NR 1.62 A
1,588 NR 1.63 A
1,798 NR 1.65 A
1,116 NR 1.19 S
1,494 NR 1.65 A
1,427 NR 1.46 LA

continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 6.2 1.15 21.6 16.3 NR 969
F 6.2 1.16 21.7 16.1 NR 976
F 6.3 1.14 18.8 14.5 NR 939
F 6.4 1.11 18.0 14.7 NR 911
F 6.5 1.20 20.6 14.3 NR 990
F 6.6 1.21 24.4 16.8 NR 1,019
F 6.6 1.20 20.3 14.1 NR 983
F 6.6 1.23 23.7 15.8 NR 1,025
F 6.6 1.29 26.8 16.0 NR 1,092
F 6.7 1.21 21.8 15.0 NR 996
F 6.8 1.18 20.4 14.6 NR 968
F 6.8 1.25 23.2 15.0 NR 1,031
F 6.8 1.17 21.4 15.7 NR 966
F 7.0 1.26 21.7 13.7 1,075 1,025
F 7.0 1.24 24.0 15.6 1,085 1,030
F 7.0 1.31 24.5 14.3 1,160 1,078
F 7.0 1.30 28.5 16.9 1,115 1,103
F 7.0 1.19 22.2 15.7 1,015 985
F 7.1 1.19 24.0 17.0 NR 998
F 7.1 1.29 27.6 16.6 NR 1,087
F 7.2 1.25 25.6 16.4 NR 1,046
F 7.3 1.34 29.8 16.6 NR 1,134
F 7.3 1.24 24.6 16.1 NR 1,026
F 7.3 1.26 23.2 14.7 NR 1,028
F 7.5 1.18 22.2 16.1 NR 967
F 7.5 1.23 22.8 15.0 NR 1,005
F 7.5 1.20 24.2 16.8 1,123 997
F 7.6 1.31 29.8 17.5 NR 1,107
F 7.6 1.27 26.4 16.3 NR 1,057
F 7.7 1.26 25.8 16.2 1,217 1,045
F 7.7 1.34 31.2 17.4 NR 1,137
F 7.8 1.30 29.2 17.2 1,200 1,096
F 7.9 1.21 22.8 15.7 932 984
F 7.9 1.20 22.6 15.6 NR 979
F 8.0 1.26 26.2 16.6 969 1,040
F 8.0 1.32 29.8 17.2 1,066 1,107
F 8.0 1.29 24.0 14.4 NR 1,045
F 8.0 1.21 22.1 15.2 1,024 977
F 8.0 1.26 25.0 15.8 1,035 1,033
F 8.0 1.33 30.2 17.0 NR 1,119
F 8.0 1.29 24.7 14.8 1,078 1,050
F 8.0 1.28 27.4 16.6 994 1,067
F 8.1 1.25 27.9 17.9 847 1,047
F 8.1 1.17 21.5 15.6 1,058 950
F 8.1 1.30 27.2 16.2 1,037 1,072
F 8.1 1.28 27.4 16.6 1,113 1,066
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1,912 NR 1.97 VA
1,302 NR 1.33 S
1,498 NR 1.60 LA
1,016 NR 1.12 S
1,224 NR 1.24 S
1,663 NR 1.63 A
1,207 NR 1.23 S
1,594 NR 1.55 LA
1,704 NR 1.56 LA
1,369 NR 1.37 S
1,062 NR 1.10 S
1,285 NR 1.25 S
1,504 NR 1.56 LA
1,424 1.32 1.39 S
1,441 1.33 1.40 S
1,590 1.37 1.47 S
1,852 1.66 1.68 A
1,688 1.66 1.71 A
1,308 NR 1.31 S
1,597 NR 1.47 LA
1,359 NR 1.30 S
1,769 NR 1.56 LA
1,518 NR 1.48 LA
1,701 NR 1.65 A
1,536 NR 1.59 LA
1,744 NR 1.73 A
1,623 1.44 1.63 LA
1,725 NR 1.56 LA
1,666 NR 1.58 LA
2,192 1.80 2.10 A
1,308 NR 1.15 S
1,593 1.33 1.45 S
1,549 1.66 1.57 A
1,279 NR 1.31 S
1,263 1.30 1.21 S
1,764 1.65 1.59 A
1,555 NR 1.49 LA
1,610 1.57 1.65 LA
1,450 1.40 1.40 LA
1,618 NR 1.45 LA
1,562 1.45 1.49 LA
1,655 1.67 1.55 A
1,754 2.07 1.68 VA
1,500 1.42 1.58 LA
1,370 1.32 1.28 S
1,632 1.47 1.53 LA

continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 8.1 1.31 28.6 16.7 1,122 1,091
F 8.1 1.30 28.0 16.6 NR 1,081
F 8.1 1.29 24.4 14.6 966 1,047
F 8.1 1.27 22.2 13.8 913 1,013
F 8.1 1.25 26.8 17.1 1,040 1,040
F 8.1 1.28 28.0 17.2 1,096 1,064
F 8.2 1.25 22.1 14.2 1,164 1,000
F 8.2 1.35 29.4 16.1 1,146 1,121
F 8.2 1.35 28.3 15.6 1,136 1,110
F 8.2 1.27 24.8 15.4 NR 1,034
F 8.2 1.33 30.9 17.4 1,153 1,122
F 8.3 1.30 28.3 16.7 1,110 1,082
F 8.3 1.25 24.1 15.5 1,194 1,014
F 8.3 1.30 26.1 15.4 1,137 1,062
F 8.3 1.21 22.2 15.1 NR 974
F 8.3 1.37 29.4 15.6 NR 1,133
F 8.3 1.37 30.3 16.3 NR 1,135
F 8.3 1.32 29.0 16.6 NR 1,097
F 8.3 1.36 29.2 15.9 NR 1,122
F 8.3 1.31 24.5 14.4 NR 1,052
F 8.3 1.34 24.4 13.6 971 1,072
F 8.3 1.35 27.5 15.0 1,178 1,106
F 8.3 1.31 27.0 15.7 938 1,075
F 8.3 1.31 25.9 15.1 988 1,065
F 8.3 1.24 23.6 15.3 974 1,004
F 8.4 1.34 25.7 14.4 NR 1,081
F 8.4 1.22 21.0 14.1 955 970
F 8.4 1.21 24.6 16.8 904 992
F 8.4 1.28 26.0 15.9 1,155 1,045
F 8.4 1.26 25.4 16.0 1,048 1,029
F 8.4 1.26 27.4 17.3 1,116 1,043
F 8.4 1.24 24.4 15.9 1,024 1,008
F 8.4 1.34 28.5 15.9 NR 1,102
F 8.4 1.25 26.4 17.0 NR 1,027
F 8.5 1.30 24.5 14.5 NR 1,046
F 8.5 1.26 25.0 15.7 1,091 1,027
F 8.5 1.33 27.8 15.7 1,037 1,090
F 8.5 1.31 26.4 15.3 1,010 1,069
F 8.6 1.29 25.9 15.6 1,069 1,049
F 8.6 1.35 29.8 16.4 989 1,116
F 8.6 1.31 31.4 18.2 1,207 1,107
F 8.6 1.30 24.8 14.8 1,150 1,044
F 8.6 1.40 30.2 15.5 1,170 1,150
F 8.6 1.26 26.8 17.0 NR 1,033
F 8.6 1.25 27.4 17.6 NR 1,034
F 8.6 1.35 27.2 15.0 NR 1,093
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TEE PALo PALp PALCAT

1,445 1.29 1.33 S
1,671 NR 1.55 LA
1,384 1.43 1.32 LA
1,626 1.78 1.61 A
1,785 1.72 1.72 A
1,709 1.56 1.61 LA
1,642 1.41 1.64 LA
1,856 1.62 1.66 A
1,434 1.26 1.29 S
2,425 NR 2.35 VA
2,385 2.07 2.13 VA
1,919 1.73 1.77 A
1,627 1.36 1.61 S
1,812 1.59 1.71 LA
1,235 NR 1.27 S
1,538 NR 1.36 S
1,554 NR 1.37 S
1,506 NR 1.37 S
1,599 NR 1.42 LA
1,727 NR 1.64 A
1,637 1.68 1.53 A
1,854 1.57 1.68 LA
1,324 1.41 1.23 LA
1,520 1.54 1.43 LA
1,294 1.33 1.29 S
1,453 NR 1.34 S
1,588 1.66 1.64 A
1,379 1.53 1.39 LA
2,081 1.80 1.99 A
1,806 1.72 1.75 A
2,225 1.99 2.13 VA
1,535 1.50 1.52 LA
1,824 NR 1.66 A
2,045 NR 1.99 VA
1,465 NR 1.40 LA
1,920 1.76 1.87 A
1,475 1.42 1.35 LA
2,160 2.14 2.02 VA
1,527 1.43 1.45 LA
1,771 1.79 1.59 A
2,119 1.76 1.91 A
2,181 1.90 2.09 A
1,798 1.54 1.56 LA
1,516 NR 1.47 LA
1,577 NR 1.52 LA
1,872 NR 1.71 A continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 8.6 1.38 30.4 16.0 982 1,138
F 8.7 1.31 31.1 18.2 1,096 1,099
F 8.7 1.30 28.9 17.0 1,118 1,080
F 8.7 1.37 34.1 18.1 NR 1,163
F 8.7 1.28 25.4 15.5 1,041 1,037
F 8.7 1.24 21.8 14.2 953 983
F 8.7 1.30 25.1 14.8 1,114 1,049
F 8.7 1.28 27.4 16.8 1,142 1,050
F 8.8 1.28 24.0 14.8 1,044 1,021
F 8.8 1.35 33.0 18.0 1,294 1,140
F 8.8 1.35 32.8 18.1 1,204 1,135
F 8.8 1.36 26.3 14.3 1,320 1,091
F 8.8 1.28 27.8 17.0 993 1,052
F 8.8 1.25 21.9 14.1 NR 985
F 8.8 1.30 24.1 14.4 961 1,033
F 8.8 1.28 29.5 18.0 964 1,066
F 8.9 1.33 28.5 16.1 907 1,089
F 8.9 1.33 28.6 16.1 1,079 1,091
F 8.9 1.33 29.4 16.5 NR 1,097
F 8.9 1.32 28.9 16.5 1,086 1,088
F 8.9 1.35 28.6 15.7 NR 1,102
F 8.9 1.37 29.1 15.6 NR 1,115
F 8.9 1.26 28.2 17.8 NR 1,043
F 8.9 1.35 29.0 15.8 1,202 1,107
F 8.9 1.29 23.9 14.3 980 1,029
F 8.9 1.32 27.0 15.5 1,164 1,071
F 9.0 1.30 26.0 15.4 983 1,049
F 9.0 1.34 28.7 15.9 1,122 1,097
F 9.0 1.40 32.7 16.7 1,283 1,166
F 9.0 1.34 29.4 16.2 1,038 1,104
F 9.0 1.36 29.6 16.0 NR 1,115
F 9.0 1.44 39.0 19.0 NR 1,232
F 9.0 1.31 31.5 18.4 1,160 1,098
F 9.0 1.43 38.6 18.8 1,205 1,230
F 9.0 1.28 30.0 18.3 1,208 1,066
F 9.0 1.26 23.7 14.8 956 1,006
F 9.0 1.33 29.9 17.0 1,093 1,095
F 9.1 1.24 26.0 16.9 1,103 1,009
F 9.1 1.29 28.6 17.2 NR 1,061
F 9.1 1.27 26.2 16.4 NR 1,026
F 9.1 1.42 36.5 18.1 NR 1,205
F 9.1 1.25 26.0 16.7 NR 1,016
F 9.1 1.30 25.2 15.0 NR 1,039
F 9.1 1.34 27.9 15.5 1,112 1,088
F 9.2 1.34 25.9 14.4 1,167 1,070
F 9.2 1.27 25.4 15.7 1,122 1,023
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TEE PALo PALp PALCAT

1,887 1.92 1.66 VA
1,992 1.82 1.81 A
1,684 1.51 1.56 LA
1,901 NR 1.63 A
1,518 1.46 1.46 LA
1,689 1.77 1.72 A
1,733 1.56 1.65 LA
1,900 1.66 1.81 A
1,580 1.51 1.55 LA
2,237 1.73 1.96 A
1,996 1.66 1.76 A
1,820 1.38 1.67 S
1,351 1.36 1.28 S
1,153 NR 1.17 S
1,718 1.79 1.66 A
1,321 1.37 1.24 S
1,530 1.69 1.40 A
2,201 2.04 2.02 VA
1,369 NR 1.25 S
2,184 2.01 2.01 VA
1,277 NR 1.16 S
1,468 NR 1.32 S
1,404 NR 1.35 S
1,644 1.37 1.49 S
1,812 1.85 1.76 A
1,906 1.64 1.78 A
1,425 1.45 1.36 LA
1,850 1.65 1.69 A
1,795 1.40 1.54 S
1,625 1.5 1.47 LA
1,815 NR 1.63 A
2,103 NR 1.71 A
2,116 1.82 1.93 A
1,301 1.08 1.06 S
1,756 1.45 1.65 LA
1,750 1.83 1.74 A
1,560 1.43 1.42 LA
1,455 1.32 1.44 S
1,394 NR 1.31 S
1,365 NR 1.33 S
1,818 NR 1.51 LA
1,671 NR 1.64 A
1,718 NR 1.65 A
1,534 1.38 1.41 S
1,573 1.35 1.47 S
1,764 1.57 1.72 LA continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 9.2 1.33 31.7 17.9 NR 1,109
F 9.2 1.45 33.9 16.2 NR 1,198
F 9.2 1.29 25.1 15.0 1,087 1,032
F 9.3 1.33 29.6 16.9 NR 1,087
F 9.3 1.35 28.6 15.7 NR 1,095
F 9.4 1.27 22.4 14.0 NR 991
F 9.4 1.22 23.1 15.5 881 970
F 9.5 1.38 34.1 18.0 NR 1,152
F 9.7 1.36 28.8 15.7 NR 1,092
F 9.7 1.44 34.3 16.5 NR 1,189
F 9.8 1.25 22.2 14.2 1,193 973
F 9.8 1.36 31.4 17.0 1,116 1,113
F 9.8 1.45 37.8 18.1 NR 1,218
F 9.8 1.31 27.5 16.2 NR 1,049
F 9.9 1.40 32.7 16.7 NR 1,148
F 10.0 1.43 34.4 16.8 1,025 1,179
F 10.0 1.48 37.4 17.1 1,190 1,233
F 10.0 1.37 33.2 17.7 NR 1,132
F 10.0 1.36 35.9 19.4 1,010 1,147
F 10.0 1.44 34.1 16.4 1,120 1,182
F 10.0 1.42 35.7 17.7 1,255 1,183
F 10.0 1.40 37.9 19.3 1,460 1,187
F 10.0 1.45 32.4 15.4 1,213 1,175
F 10.0 1.41 38.1 19.2 1,230 1,195
F 10.2 1.42 30.8 15.3 NR 1,140
F 10.2 1.36 32.1 17.3 1,038 1,114
F 10.3 1.40 34.0 17.2 1,183 1,155
F 10.3 1.45 36.7 17.5 NR 1,204
F 10.3 1.38 30.7 16.2 NR 1,109
F 10.4 1.35 32.2 17.7 NR 1,103
F 10.5 1.52 38.2 16.4 1,254 1,258
F 10.6 1.45 40.0 19.0 1,228 1,225
F 10.6 1.45 34.5 16.3 1,272 1,183
F 10.8 1.45 40.8 19.4 1,577 1,227
F 10.9 1.50 37.2 16.5 1,237 1,230
F 10.9 1.41 29.4 14.8 1,203 1,110
F 11.0 1.37 32.1 17.1 NR 1,105
F 11.0 1.45 37.5 17.8 NR 1,199
F 11.2 1.53 35.2 15.1 1,175 1,225
F 11.4 1.56 42.6 17.6 1,277 1,296
F 11.5 1.59 47.6 18.9 1,284 1,356
F 11.5 1.53 47.7 20.4 1,355 1,320
F 11.6 1.41 36.7 18.4 1,186 1,158
F 11.7 1.52 41.6 17.9 1,168 1,265
F 11.7 1.40 35.8 18.4 1,109 1,138
F 11.8 1.56 46.0 18.8 1,228 1,322
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TEE PALo PALp PALCAT

1,495 NR 1.35 S
2,498 NR 2.08 VA
1,750 1.61 1.69 A
1,372 NR 1.26 S
1,395 NR 1.27 S
1,392 NR 1.40 LA
1,374 1.56 1.42 LA
1,570 NR 1.36 S
1,527 NR 1.40 S
1,971 NR 1.66 A
1,303 1.09 1.34 S
1,580 1.42 1.42 LA
1,405 NR 1.15 S
1,484 NR 1.41 LA
1,669 NR 1.45 LA
1,449 1.41 1.23 LA
1,792 1.51 1.45 LA
1,674 NR 1.48 LA
1,707 1.69 1.49 A
1,920 1.71 1.62 A
2,001 1.59 1.69 LA
2,150 1.47 1.81 LA
2,170 1.79 1.85 A
2,265 1.84 1.90 A
1,336 NR 1.17 S
1,809 1.74 1.62 A
1,555 1.32 1.35 S
1,594 NR 1.32 S
1,705 NR 1.54 LA
1,532 NR 1.39 S
2,395 1.91 1.90 VA
2,698 2.20 2.20 VA
2,117 1.66 1.79 A
1,966 1.25 1.60 S
1,757 1.42 1.43 LA
2,480 2.06 2.23 VA
1,290 NR 1.1 S
1,830 NR 1.53 LA
1,795 1.53 1.47 LA
1,982 1.55 1.53 LA
1,599 1.25 1.18 S
2,647 1.95 2.00 VA
2,110 1.78 1.82 A
2,098 1.80 1.66 A
1,437 1.30 1.26 S
1,610 1.31 1.22 S continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 11.8 1.46 41.0 19.1 1,281 1,220
F 11.9 1.48 37.1 16.9 1,163 1,200
F 12.0 1.55 41.1 17.0 1,225 1,274
F 12.0 1.59 48.0 19.0 1,246 1,351
F 12.0 1.55 35.9 15.0 1,223 1,229
F 12.0 1.42 35.0 17.3 1,175 1,143
F 12.1 1.37 34.6 18.4 1,194 1,106
F 12.2 1.56 45.7 18.9 1,045 1,307
F 12.3 1.60 53.4 21.0 1,605 1,393
F 12.4 1.48 38.2 17.6 1,237 1,195
F 12.4 1.60 46.2 18.0 1,385 1,335
F 12.5 1.62 42.6 16.2 1,145 1,317
F 12.5 1.51 45.8 20.0 1,400 1,277
F 12.5 1.56 44.8 18.3 1,238 1,299
F 12.6 1.61 49.0 19.0 1,482 1,360
F 12.7 1.47 40.7 18.9 1,210 1,203
F 12.8 1.49 37.6 16.9 1,194 1,191
F 12.9 1.50 39.8 17.6 1,206 1,217
F 12.9 1.56 39.7 16.2 1,216 1,253
F 13.0 1.67 57.5 20.6 1,568 1,458
F 13.1 1.63 48.2 18.1 1,362 1,358
F 13.2 1.62 40.7 15.4 1,151 1,293
F 13.4 1.50 37.1 16.4 1,231 1,188
F 13.4 1.65 52.3 19.1 1,529 1,400
F 13.6 1.57 48.0 19.6 1,298 1,308
F 13.8 1.70 56.8 19.7 1,403 1,455
F 14.0 1.57 52.9 21.4 1,364 1,343
F 14.0 1.64 44.4 16.6 1,367 1,315
F 14.1 1.62 58.6 22.4 NR 1,416
F 14.2 1.55 51.5 21.5 NR 1,314
F 14.2 1.62 45.2 17.1 1,181 1,311
F 14.3 1.60 48.6 19.0 1,437 1,321
F 14.4 1.65 51.9 19.2 1,764 1,375
F 14.5 1.61 51.0 19.7 NR 1,343
F 14.5 1.53 41.5 17.7 1,269 1,218
F 14.6 1.70 64.2 22.2 1,491 1,502
F 14.6 1.75 63.2 20.6 1,759 1,525
F 14.6 1.62 49.7 18.9 1,174 1,337
F 14.7 1.71 57.9 19.9 1,391 1,454
F 14.7 1.67 57.8 20.7 1,290 1,430
F 14.8 1.58 44.6 17.8 1,004 1,271
F 14.8 1.58 56.4 22.7 1,317 1,359
F 14.8 1.63 48.7 18.4 1,383 1,329
F 14.9 1.54 45.9 19.5 1,101 1,248
F 15.0 1.68 55.4 19.6 1,463 1,413
F 15.1 1.58 48.9 19.6 1,267 1,295
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TEE PALo PALp PALCAT

2,442 1.91 2.00 VA
2,030 1.74 1.69 A
1,589 1.30 1.25 S
2,020 1.62 1.49 A
2,307 1.89 1.88 A
1,658 1.41 1.45 LA
1,988 1.66 1.80 A
1,845 1.77 1.41 A
2,913 1.81 2.09 A
2,222 1.80 1.86 A
2,202 1.59 1.65 LA
1,496 1.31 1.14 S
2,855 2.04 2.24 VA
2,460 1.99 1.89 VA
1,864 1.26 1.37 S
2,106 1.74 1.75 A
2,038 1.71 1.71 A
1,968 1.63 1.62 A
2,213 1.82 1.77 A
2,645 1.69 1.81 A
2,691 1.98 1.98 VA
2,350 2.04 1.82 VA
2,056 1.67 1.73 A
2,472 1.62 1.77 A
2,122 1.63 1.62 A
2,950 2.10 2.03 VA
3,241 2.38 2.41 VA
2,386 1.75 1.81 A
2,310 NR 1.63 A
2,095 NR 1.59 LA
1,741 1.47 1.33 LA
2,430 1.69 1.84 A
2,365 1.34 1.72 S
2,149 NR 1.60 A
1,913 1.51 1.57 LA
2,791 1.87 1.86 A
2,196 1.25 1.44 S
1,750 1.49 1.31 LA
2,424 1.74 1.67 A
3,021 2.34 2.11 VA
1,853 1.85 1.46 A
2,408 1.83 1.77 A
2,268 1.64 1.71 A
1,680 1.53 1.35 LA
2,139 1.46 1.51 LA
2,503 1.98 1.93 VA continued
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TABLE I-2  Continued

Age Height Weight BEEo BEEp
Sex (y) (m) (kg) BMI (kcal/d) (kcal/d)

F 15.2 1.53 52.1 22.3 1,307 1,290
F 15.2 1.50 46.0 20.4 1,176 1,222
F 15.3 1.66 57.6 21.0 1,340 1,410
F 15.3 1.70 61.8 21.5 NR 1,467
F 15.4 1.55 54.6 22.8 1,049 1,318
F 15.4 1.62 52.7 20.1 1,352 1,346
F 15.5 1.66 51.6 18.8 1,317 1,358
F 15.5 1.64 51.1 19.0 1,243 1,344
F 15.6 1.57 57.2 23.1 1,279 1,351
F 15.6 1.70 61.9 21.5 1,338 1,465
F 15.6 1.68 60.9 21.6 1,482 1,444
F 15.7 1.68 62.7 22.1 1,358 1,460
F 15.8 1.62 55.3 21.0 1,338 1,363
F 15.8 1.59 46.5 18.5 1,129 1,268
F 16.0 1.61 48.5 18.7 1,362 1,298
F 16.2 1.58 56.1 22.6 1,522 1,334
F 16.2 1.63 55.7 21.0 1,246 1,362
F 16.4 1.54 51.5 21.6 1,286 1,272
F 18.0 1.70 67.3 23.3 1,432 1,466
F 18.0 1.72 58.9 19.9 1,494 1,413
F 18.0 1.62 58.5 22.3 1,472 1,346
F 18.0 1.77 58.1 18.5 1,484 1,437
F 18.0 1.62 60.3 23.0 1,353 1,361

NOTE: BEEo = basal energy expenditure (BEE) as observed in the study, BEEp as
predicted based on the following equations:

Girls: BEEp (kcal/d) = 189 – 17.6 × Age (y) + 625 × Height (m) + 7.9 × Weight (kg)
Boys: BEEp (kcal/d) =   68 – 43.3 × Age (y) + 712 × Height (m) + 19.2 × Weight (kg).
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TEE PALo PALp PALCAT

2,645 2.02 2.05 VA
2,550 2.17 2.09 VA
2,989 2.23 2.12 VA
3,598 NR 2.45 VA
1,452 1.38 1.10 S
2,759 2.04 2.05 VA
2,383 1.81 1.75 A
2,010 1.62 1.50 A
2,256 1.76 1.67 A
2,791 2.09 1.91 VA
2,391 1.61 1.66 A
2,243 1.65 1.54 A
1,875 1.40 1.38 LA
1,718 1.52 1.35 LA
1,837 1.35 1.42 S
2,610 1.71 1.96 A
2,508 2.01 1.84 VA
1,309 1.02 1.03 S
2,349 1.64 1.60 A
2,345 1.57 1.66 LA
2,304 1.56 1.71 LA
2,713 1.83 1.89 A
2,634 1.95 1.94 VA

TEE = total energy expenditure, PALo = physical activity level (PAL) as observed in the
study, PALp = TEE/BEE, PALCAT = PAL category (S = sedentary, LA = low active, A =
active, VA = very active), M = male, F = female, NR = not reported, NA = not applicable.
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TABLE I-3 Normal Weight Adults with Body Mass Index
(BMI) from 18.5 up to 25 kg/m2

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 20.0 1.77 67.6 21.6 1,399
M 20.0 1.79 75.4 23.5 1,656
M 20.0 1.82 74.0 22.3 1,948
M 21.0 1.83 66.9 20.0 1,721
M 21.0 1.83 71.1 21.2 1,852
M 21.0 1.78 75.8 23.9 1,722
M 21.0 1.83 75.1 22.4 1,840
M 22.0 1.83 70.2 21.0 1,888
M 22.0 1.92 77.8 21.1 1,898
M 22.0 1.82 67.9 20.5 1,900
M 22.0 1.75 67.0 21.9 1,574
M 23.0 1.70 68.2 23.6 1,783
M 23.0 1.77 67.0 21.4 1,709
M 23.0 1.76 68.8 22.2 1,498
M 23.0 1.91 86.1 23.6 1,881
M 23.0 1.81 73.2 22.3 1,809
M 23.7 1.79 67.0 20.9 1,706
M 23.7 1.79 77.8 24.3 1,895
M 23.7 1.79 66.0 20.6 1,800
M 24.0 1.80 72.7 22.4 1,520
M 24.0 1.72 66.0 22.3 1,802
M 24.0 1.74 75.0 24.8 1,880
M 25.0 1.61 57.2 22.1 1,593
M 25.0 1.72 72.8 24.6 1,718
M 25.0 1.81 72.3 22.1 1,893
M 25.0 1.75 63.5 20.7 1,613
M 25.0 1.78 70.3 22.2 1,582
M 25.0 1.72 57.9 19.6 1,577
M 26.0 1.78 65.8 20.7 1,745
M 26.0 1.76 70.6 22.8 1,829
M 26.0 1.85 75.4 22.0 1,769
M 27.0 1.76 65.2 21.0 1,580
M 27.0 1.84 71.5 21.1 1,685
M 27.0 1.85 68.2 19.9 1,802
M 28.0 1.75 64.8 21.2 1,557
M 28.0 1.82 78.5 23.7 1,924
M 28.0 1.81 75.7 23.1 2,072
M 28.0 1.84 84.3 24.9 2,060
M 29.0 1.81 68.2 20.8 1,840
M 29.0 1.83 74.4 22.2 2,055
M 29.0 1.78 77.3 24.4 1,831
M 29.0 1.88 73.5 20.8 1,946
M 29.0 1.83 67.0 20.0 1,652
M 29.0 1.90 80.2 22.2 1,809
M 29.0 1.78 68.0 21.5 1,845
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TEE PALo PALCAT

2,148 1.54 LA
3,119 1.88 A
3,697 1.90 A
3,076 1.79 A
3,415 1.84 A
3,247 1.89 A
3,743 2.03 VA
3,120 1.65 A
3,346 1.76 A
3,353 1.76 A
2,848 1.81 A
2,176 1.22 S
2,820 1.65 A
2,613 1.74 A
3,442 1.83 A
3,693 2.04 VA
2,936 1.72 A
3,317 1.75 A
3,580 1.99 VA
2,318 1.53 LA
3,585 1.99 VA
3,857 2.05 VA
2,390 1.50 LA
2,964 1.72 A
3,298 1.74 A
2,868 1.78 A
3,157 2.00 VA
3,434 2.18 VA
2,559 1.47 LA
3,731 2.04 VA
3,783 2.14 VA
2,263 1.43 LA
2,923 1.73 A
3,623 2.01 VA
2,177 1.40 S
2,770 1.44 LA
3,382 1.63 A
3,681 1.79 A
2,801 1.52 LA
3,138 1.53 LA
2,842 1.55 LA
3,114 1.60 A
2,660 1.61 A
3,191 1.76 A
3,310 1.79 A continued



1148 DIETARY REFERENCE INTAKES

TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 30.0 1.80 77.1 23.8 1,869
M 30.0 1.72 60.1 20.3 1,518
M 30.0 1.83 71.3 21.3 1,864
M 31.0 1.82 79.8 24.1 1,977
M 31.0 1.84 75.4 22.3 1,530
M 31.0 1.73 59.6 19.9 1,460
M 31.0 1.97 88.5 22.8 1,711
M 31.0 1.89 76.6 21.4 1,589
M 32.0 1.78 73.0 23.0 1,740
M 32.0 1.79 77.1 24.1 1,816
M 33.0 1.73 64.0 21.4 1,671
M 33.0 1.81 66.2 20.2 1,752
M 33.0 1.79 69.4 21.7 1,554
M 33.0 1.71 64.5 22.1 1,509
M 33.0 1.76 73.3 23.7 1,597
M 33.0 1.86 83.9 24.3 1,522
M 33.0 1.72 68.5 23.2 1,625
M 33.0 1.77 67.9 21.7 1,684
M 34.0 1.88 75.6 21.4 1,864
M 34.0 1.86 73.8 21.3 2,075
M 34.0 1.78 71.6 22.6 1,570
M 34.0 1.81 73.7 22.5 1,893
M 34.0 1.69 67.2 23.5 1,673
M 35.0 1.73 64.5 21.5 1,561
M 35.0 1.77 75.4 24.1 1,654
M 35.0 1.80 72.0 22.2 1,721
M 36.0 1.82 81.7 24.8 1,960
M 36.0 1.81 76.8 23.4 1,794
M 37.0 1.69 70.3 24.6 1,577
M 37.0 1.78 73.0 23.0 1,585
M 37.0 1.73 69.9 23.4 1,635
M 38.0 1.83 81.0 24.2 1,716
M 38.0 1.65 58.0 21.3 1,752
M 38.0 1.81 75.0 22.9 1,594
M 38.0 1.73 66.5 22.2 1,479
M 38.0 1.73 72.1 24.1 1,769
M 39.0 1.70 62.3 21.6 1,410
M 39.0 1.69 66.8 23.4 1,558
M 39.0 1.85 74.2 21.7 1,697
M 39.0 1.75 59.4 19.4 1,554
M 39.0 1.79 73.6 23.0 1,647
M 40.0 1.76 69.7 22.5 1,601
M 40.0 1.85 76.6 22.4 2,034
M 40.0 1.86 71.0 20.5 1,522
M 40.0 1.82 71.1 21.5 1,706
M 40.0 1.82 73.8 22.3 1,589
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TEE PALo PALCAT

2,866 1.53 LA
2,347 1.55 LA
3,181 1.71 A
3,040 1.54 LA
2,433 1.59 LA
2,574 1.76 A
3,121 1.82 A
3,035 1.91 VA
2,933 1.69 A
4,206 2.32 VA
2,390 1.43 LA
2,569 1.47 LA
2,510 1.62 A
2,536 1.68 A
2,725 1.71 A
2,813 1.85 A
3,291 2.02 VA
3,805 2.26 VA
2,820 1.51 LA
3,657 1.76 A
2,842 1.81 A
3,542 1.87 A
3,250 1.94 VA
2,426 1.55 LA
2,684 1.62 A
3,728 2.17 VA
3,112 1.59 LA
3,499 1.95 VA
2,486 1.58 LA
3,162 2.00 VA
3,310 2.02 VA
2,770 1.61 A
2,868 1.64 A
2,813 1.76 A
2,796 1.89 A
3,609 2.04 VA
2,366 1.68 A
2,741 1.76 A
3,155 1.86 A
2,940 1.89 A
3,143 1.91 VA
2,605 1.63 A
3,370 1.66 A
2,567 1.69 A
2,985 1.75 A
2,796 1.76 A continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 40.0 1.77 75.2 24.0 1,436
M 40.0 1.77 78.3 25.0 1,582
M 40.0 1.77 63.4 20.2 1,288
M 40.0 1.84 71.5 21.1 1,604
M 40.0 1.73 66.3 22.2 1,565
M 40.0 1.77 74.9 23.9 1,613
M 41.0 1.79 62.4 19.5 1,669
M 41.0 1.77 77.0 24.6 1,666
M 42.0 1.72 59.1 20.0 1,464
M 43.0 1.65 57.2 21.0 1,439
M 43.0 1.73 70.5 23.6 1,797
M 46.0 1.85 78.1 22.8 2,464
M 47.0 1.76 74.4 24.0 1,587
M 48.0 1.77 70.3 22.4 1,697
M 48.0 1.77 77.4 24.7 2,194
M 48.0 1.75 74.9 24.5 1,843
M 54.0 1.76 65.4 21.1 1,400
M 56.0 1.86 81.2 23.5 1,440
M 56.0 1.66 56.6 20.5 1,360
M 57.0 1.81 78.2 23.9 1,840
M 59.0 1.64 59.8 22.2 1,496
M 59.0 1.84 80.3 23.7 1,945
M 59.0 1.86 84.4 24.4 1,600
M 59.0 1.81 78.6 24.0 1,640
M 60.0 1.80 69.0 21.3 1,530
M 63.0 1.68 63.5 22.5 1,354
M 63.0 1.69 69.1 24.2 1,370
M 64.0 1.66 68.4 24.8 1,810
M 65.0 1.83 78.1 23.3 1,650
M 65.0 1.83 81.0 24.2 1,820
M 66.0 1.68 65.9 23.4 1,210
M 67.0 1.75 66.9 21.8 1,426
M 67.0 1.67 66.3 23.8 1,440
M 68.0 1.80 61.0 18.8 1,354
M 68.0 1.74 59.2 19.6 1,210
M 69.0 1.61 63.7 24.6 1,417
M 69.0 1.64 65.1 24.2 1,310
M 69.0 1.75 73.2 23.9 1,915
M 70.0 1.76 74.5 24.0 1,611
M 70.0 1.74 70.1 23.2 1,420
M 71.0 1.85 74.5 21.8 1,560
M 71.0 1.83 79.6 23.8 2,060
M 71.0 1.78 77.5 24.4 1,413
M 72.0 1.66 64.8 23.5 1,380
M 72.0 1.74 70.6 23.3 1,640
M 72.0 1.74 56.4 18.6 1,300
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TEE PALo PALCAT

2,643 1.84 A
2,964 1.87 A
2,459 1.91 VA
3,384 2.11 VA
3,346 2.14 VA
3,501 2.17 VA
2,988 1.79 A
3,317 1.99 VA
3,456 2.36 VA
2,653 1.84 A
3,630 2.02 VA
3,473 1.41 LA
2,452 1.55 LA
2,851 1.68 A
3,767 1.72 A
3,313 1.80 A
2,118 1.51 LA
2,189 1.52 LA
3,061 2.25 VA
2,320 1.26 S
2,065 1.38 S
2,892 1.49 LA
2,517 1.57 LA
2,941 1.79 A
2,470 1.61 A
2,338 1.73 A
2,686 1.96 VA
2,398 1.32 S
2,833 1.72 A
3,274 1.80 A
1,950 1.61 A
2,176 1.53 LA
2,526 1.75 A
2,002 1.48 LA
2,076 1.72 A
1,972 1.39 S
1,822 1.39 S
3,027 1.58 LA
2,751 1.71 A
2,846 2.00 VA
2,124 1.36 S
3,353 1.63 A
2,756 1.95 VA
1,699 1.23 S
2,583 1.58 LA
2,656 2.04 VA continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 73.0 1.87 80.5 23.0 1,930
M 73.0 1.82 79.0 23.8 1,563
M 74.0 1.72 63.0 21.3 1,463
M 74.0 1.74 72.1 23.8 1,430
M 74.0 1.76 74.8 24.1 1,592
M 74.0 1.84 74.9 22.1 1,580
M 74.0 1.75 73.3 23.9 1,506
M 74.0 1.65 66.7 24.5 1,365
M 75.0 1.69 69.1 24.2 1,351
M 75.0 1.71 63.8 21.8 1,446
M 76.0 1.74 74.3 24.5 1,692
M 76.0 1.74 65.7 21.7 1,260
M 76.0 1.73 63.6 21.2 1,500
M 77.0 1.77 77.3 24.7 1,417
M 77.0 1.70 59.9 20.7 1,527
M 77.0 1.60 59.9 23.4 1,279
M 77.0 1.80 76.9 23.7 1,501
M 77.0 1.71 69.3 23.7 1,133
M 78.0 1.75 61.6 20.1 1,420
M 79.0 1.72 66.9 22.6 1,522
M 79.0 1.73 63.6 21.2 1,530
M 79.0 1.81 76.8 23.4 1,549
M 80.0 1.66 64.4 23.4 1,472
M 81.0 1.73 66.0 22.1 1,456
M 84.0 1.73 65.0 21.7 1,427
M 87.0 1.73 73.1 24.4 1,472
M 90.0 1.75 75.9 24.8 1,420
M 91.0 1.65 66.0 24.2 1,260
M 94.0 1.70 65.0 22.5 1,587
M 95.0 1.73 69.0 23.1 1,685
M 95.0 1.70 53.6 18.5 1,298
M 96.0 1.72 64.0 21.6 1,243
F 20.0 1.75 72.5 23.7 1,623
F 20.0 1.75 61.8 20.2 1,484
F 20.0 1.65 65.1 23.9 1,520
F 21.0 1.61 63.4 24.5 1,491
F 21.0 1.58 52.7 21.1 1,215
F 21.0 1.67 55.6 19.9 1,243
F 21.0 1.66 60.1 21.8 1,259
F 22.0 1.70 55.9 19.3 1,326
F 23.0 1.64 56.2 20.9 1,395
F 23.0 1.56 47.1 19.3 1,338
F 23.0 1.63 52.0 19.6 1,219
F 23.0 1.73 68.7 23.0 1,632
F 23.0 1.64 56.4 21.0 1,334
F 23.0 1.68 64.1 22.7 1,396
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TEE PALo PALCAT

2,471 1.28 S
2,137 1.37 S
1,816 1.24 S
1,906 1.33 S
2,557 1.61 A
2,638 1.67 A
2,732 1.81 A
2,498 1.83 A
2,245 1.66 A
2,498 1.73 A
2,242 1.32 S
2,132 1.69 A
2,629 1.75 A
2,036 1.44 LA
2,302 1.51 LA
1,993 1.56 LA
2,438 1.62 A
2,376 2.10 VA
2,035 1.43 LA
2,232 1.47 LA
2,422 1.58 LA
3,114 2.01 VA
1,991 1.35 S
1,795 1.23 S
1,460 1.02 S
1,556 1.06 S
1,925 1.36 S
2,072 1.65 A
1,831 1.15 S
2,170 1.29 S
1,761 1.36 S
1,850 1.49 LA
2,732 1.68 A
2,677 1.80 A
2,799 1.84 A
2,452 1.64 A
2,205 1.81 A
2,653 2.13 VA
2,523 2.00 VA
2,550 1.92 VA
1,845 1.32 S
2,132 1.59 LA
2,032 1.67 A
2,949 1.81 A
2,653 1.99 VA
2,835 2.03 VA continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 23.0 1.77 62.1 19.8 1,193
F 23.0 1.68 61.0 21.6 1,461
F 23.0 1.67 58.5 21.0 1,039
F 23.0 1.71 59.2 20.2 1,333
F 23.7 1.79 61.8 19.3 1,482
F 23.7 1.79 62.1 19.4 1,191
F 24.0 1.70 68.2 23.6 1,469
F 24.0 1.79 71.4 22.3 1,526
F 24.0 1.63 62.9 23.7 1,458
F 24.0 1.73 57.8 19.3 1,482
F 24.2 1.61 58.8 22.6 1,211
F 25.0 1.69 63.4 22.2 1,775
F 25.0 1.75 72.1 23.5 1,618
F 25.0 1.66 65.5 23.8 1,508
F 25.0 1.65 64.2 23.6 1,591
F 25.0 1.60 53.3 20.8 1,112
F 25.2 1.74 68.3 22.4 1,404
F 25.3 1.51 42.6 18.6 1,253
F 26.0 1.62 54.1 20.6 1,323
F 26.0 1.58 53.4 21.4 1,322
F 26.0 1.71 55.3 18.9 1,434
F 26.2 1.61 55.6 21.6 1,102
F 26.4 1.64 54.2 20.2 1,293
F 26.5 1.69 58.0 20.2 1,373
F 26.5 1.61 50.8 19.7 1,125
F 26.7 1.54 50.9 21.4 1,172
F 26.8 1.63 51.0 19.1 1,184
F 27.0 1.64 58.2 21.6 1,306
F 27.0 1.71 65.7 22.5 1,499
F 27.0 1.76 59.9 19.3 1,482
F 27.0 1.70 65.0 22.5 1,494
F 27.0 1.68 52.3 18.5 1,484
F 27.0 1.65 58.1 21.3 1,424
F 27.0 1.68 56.7 20.1 1,386
F 27.0 1.66 56.0 20.3 1,386
F 27.0 1.78 68.1 21.5 1,363
F 27.3 1.66 56.8 20.5 1,339
F 27.3 1.66 51.4 18.6 1,210
F 27.4 1.55 51.0 21.3 1,145
F 27.4 1.68 58.1 20.5 1,260
F 27.5 1.60 63.3 24.6 1,347
F 27.6 1.69 59.3 20.9 1,409
F 27.6 1.69 55.7 19.4 1,392
F 27.6 1.64 51.9 19.3 1,231
F 27.9 1.59 61.2 24.2 1,229
F 28.0 1.77 68.2 21.8 1,721
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TEE PALo PALCAT

2,605 2.18 VA
3,248 2.22 VA
2,314 2.23 VA
2,659 1.99 VA
2,792 1.88 A
2,530 2.12 VA
2,176 1.48 LA
2,522 1.65 A
2,510 1.72 A
2,746 1.85 A
2,218 1.83 A
2,154 1.21 S
2,617 1.62 A
2,572 1.71 A
2,738 1.72 A
2,111 1.90 A
2,493 1.78 A
2,711 2.16 VA
1,552 1.17 S
1,800 1.36 S
3,529 2.46 VA
1,844 1.67 A
2,077 1.61 A
2,431 1.77 A
2,484 2.21 VA
2,059 1.76 A
2,319 1.96 VA
2,255 1.73 A
2,196 1.47 LA
2,199 1.48 LA
2,373 1.59 LA
2,567 1.73 A
2,498 1.75 A
2,534 1.83 A
2,844 2.05 VA
2,856 2.10 VA
2,526 1.89 A
2,140 1.77 A
1,811 1.58 LA
2,130 1.69 A
2,409 1.79 A
3,443 2.44 VA
2,006 1.44 LA
2,021 1.64 A
1,913 1.56 LA
2,531 1.47 LA continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 28.0 1.67 59.3 21.3 1,114
F 28.0 1.67 66.7 23.9 1,530
F 28.0 1.65 62.2 22.8 1,414
F 28.0 1.65 62.1 22.9 1,361
F 28.4 1.67 65.4 23.4 1,357
F 29.0 1.77 66.4 21.2 1,482
F 29.0 1.64 66.8 24.8 1,430
F 29.0 1.75 76.2 24.9 1,466
F 29.0 1.60 57.7 22.6 1,380
F 29.0 1.50 51.0 22.7 1,121
F 29.0 1.63 65.5 24.7 1,600
F 29.0 1.68 60.3 21.4 1,469
F 29.0 1.61 48.0 18.5 1,166
F 29.1 1.57 56.8 23.1 1,214
F 29.4 1.63 51.3 19.2 1,110
F 29.7 1.65 53.0 19.4 1,189
F 30.0 1.64 52.9 19.6 1,293
F 30.0 1.59 53.6 21.2 1,410
F 30.0 1.64 60.4 22.4 1,484
F 30.0 1.78 64.7 20.4 1,306
F 30.6 1.58 51.9 20.7 1,235
F 31.0 1.66 68.0 24.5 1,426
F 31.0 1.80 69.5 21.5 1,497
F 31.0 1.70 59.8 20.7 1,402
F 31.0 1.75 69.6 22.7 1,446
F 31.0 1.55 59.1 24.6 1,040
F 31.0 1.66 61.8 22.4 1,012
F 31.1 1.59 53.0 21.0 1,383
F 31.4 1.60 52.9 20.6 1,107
F 31.5 1.61 51.2 19.7 1,300
F 31.6 1.56 46.9 19.2 1,018
F 31.8 1.67 64.1 23.0 1,433
F 32.0 1.81 70.4 21.5 1,577
F 32.0 1.57 52.6 21.3 1,195
F 32.0 1.56 53.6 22.0 1,355
F 32.0 1.71 62.1 21.2 1,501
F 32.2 1.63 61.1 22.9 1,493
F 32.6 1.65 65.3 24.0 1,545
F 32.7 1.60 52.4 20.4 1,374
F 32.7 1.64 56.1 20.9 1,330
F 33.0 1.57 49.5 20.1 1,477
F 33.0 1.65 53.3 19.6 1,135
F 33.1 1.76 62.2 20.0 1,368
F 33.5 1.65 63.5 23.4 1,302
F 33.5 1.61 48.7 18.8 1,294
F 33.6 1.65 53.8 19.8 1,205
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TEE PALo PALCAT

1,809 1.62 A
2,490 1.63 A
2,468 1.75 A
2,406 1.77 A
3,241 2.39 VA
2,365 1.60 LA
2,091 1.46 LA
2,161 1.47 LA
2,081 1.51 LA
1,695 1.51 LA
2,822 1.76 A
2,867 1.95 VA
2,630 2.26 VA
2,377 1.96 VA
2,119 1.91 VA
2,798 2.35 VA
1,882 1.46 LA
2,455 1.74 A
2,885 1.94 VA
3,156 2.42 VA
2,453 1.99 VA
2,375 1.67 A
2,284 1.53 LA
2,154 1.54 LA
2,673 1.85 A
2,055 1.98 VA
2,431 2.40 VA
2,286 1.65 A
2,197 1.98 VA
2,110 1.62 A
2,082 2.05 VA
3,381 2.36 VA
2,390 1.52 LA
1,888 1.58 LA
2,247 1.66 A
2,703 1.80 A
2,184 1.46 LA
2,422 1.57 LA
2,536 1.85 A
2,270 1.71 A
2,685 1.82 A
2,277 2.01 VA
2,684 1.96 VA
2,756 2.12 VA
2,452 1.90 A
2,346 1.95 VA continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 33.6 1.59 49.4 19.5 1,313
F 34.0 1.60 61.3 23.9 1,298
F 34.0 1.67 69.0 24.6 1,274
F 34.2 1.72 61.5 20.8 1,452
F 34.3 1.64 63.9 23.7 1,444
F 34.5 1.68 53.4 18.8 1,412
F 34.6 1.62 62.5 23.8 1,232
F 35.0 1.60 62.2 24.3 1,362
F 35.0 1.66 55.4 20.1 1,398
F 35.7 1.58 55.5 22.2 1,290
F 35.8 1.72 56.3 19.1 1,263
F 35.9 1.67 63.8 22.8 1,208
F 35.9 1.66 58.1 21.2 1,393
F 36.0 1.65 62.8 23.1 1,309
F 36.0 1.66 58.7 21.3 1,202
F 36.1 1.57 54.0 21.8 1,267
F 36.2 1.66 59.2 21.4 1,290
F 36.7 1.66 61.8 22.5 1,212
F 37.5 1.71 65.2 22.4 1,501
F 37.6 1.67 55.2 19.7 1,272
F 37.6 1.66 60.3 21.9 1,153
F 37.9 1.61 53.5 20.7 1,343
F 38.0 1.73 68.5 22.9 1,458
F 38.0 1.61 54.2 20.9 1,291
F 38.8 1.67 60.4 21.6 1,491
F 39.0 1.62 60.2 22.9 1,346
F 39.0 1.73 57.5 19.2 1,434
F 39.2 1.61 50.8 19.5 1,181
F 39.6 1.66 62.5 22.7 1,348
F 41.0 1.61 48.7 18.8 1,341
F 41.0 1.65 64.4 23.7 1,482
F 41.0 1.68 65.8 23.3 1,386
F 41.0 1.58 59.5 23.8 1,345
F 42.0 1.64 60.1 22.3 1,496
F 43.0 1.54 52.6 22.2 1,044
F 43.0 1.59 62.3 24.6 1,181
F 45.0 1.61 52.7 20.3 1,123
F 51.0 1.63 50.6 19.0 1,197
F 55.0 1.67 63.8 22.9 1,212
F 55.0 1.62 51.8 19.7 1,226
F 55.0 1.66 63.1 22.7 1,377
F 55.0 1.58 57.9 23.2 1,089
F 56.0 1.66 58.9 21.4 1,440
F 56.0 1.67 61.8 22.2 1,138
F 56.0 1.61 57.6 22.2 1,364
F 56.0 1.60 57.7 22.5 1,139
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TEE PALo PALCAT

2,403 1.83 A
2,347 1.81 A
2,053 1.61 A
2,534 1.75 A
2,182 1.51 LA
2,155 1.53 LA
2,518 2.04 VA
1,876 1.38 S
2,916 2.09 VA
2,236 1.73 A
2,650 2.10 VA
2,276 1.88 A
2,726 1.96 VA
1,987 1.52 LA
2,357 1.96 VA
2,354 1.86 A
2,039 1.58 LA
3,004 2.48 VA
2,020 1.35 S
2,596 2.04 VA
2,473 2.14 VA
2,476 1.84 A
2,414 1.66 A
2,223 1.72 A
2,908 1.95 VA
2,453 1.82 A
2,218 1.55 LA
2,678 2.27 VA
2,548 1.89 A
1,989 1.48 LA
2,366 1.60 LA
2,318 1.67 A
3,037 2.26 VA
2,909 1.94 VA
1,991 1.91 VA
2,765 2.34 VA
2,151 1.91 VA
2,141 1.79 A
1,912 1.58 LA
2,193 1.79 A
2,604 1.89 A
2,173 1.99 VA
2,316 1.61 A
1,936 1.70 A
2,657 1.95 VA
2,240 1.97 VA continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 56.0 1.76 69.7 22.5 1,404
F 57.0 1.55 55.6 23.1 1,244
F 57.0 1.64 61.7 22.8 1,182
F 57.0 1.60 53.5 20.9 1,060
F 57.0 1.64 64.0 23.8 1,330
F 57.0 1.76 57.8 18.6 1,291
F 58.0 1.62 59.9 22.8 1,228
F 58.0 1.68 65.7 23.3 1,140
F 59.0 1.71 64.9 22.1 1,268
F 60.0 1.60 61.9 24.2 1,642
F 60.0 1.62 57.1 21.7 1,238
F 60.0 1.64 62.3 23.2 1,601
F 60.0 1.64 61.3 22.8 1,048
F 60.0 1.56 56.0 23.0 1,051
F 60.0 1.60 57.8 22.5 1,123
F 60.0 1.64 57.0 21.2 1,122
F 60.0 1.67 64.6 23.2 1,204
F 61.0 1.57 52.5 21.3 1,319
F 61.0 1.60 51.6 20.3 1,102
F 61.0 1.58 52.3 21.0 1,113
F 61.0 1.64 61.8 23.0 1,269
F 61.0 1.71 66.1 22.7 1,178
F 62.0 1.64 64.4 23.9 1,269
F 62.0 1.59 63.1 25.0 1,336
F 62.0 1.64 55.3 20.5 1,151
F 62.0 1.65 61.1 22.4 1,130
F 62.0 1.60 49.2 19.2 1,109
F 63.0 1.68 53.6 19.0 1,220
F 63.0 1.64 64.0 23.8 1,280
F 63.0 1.63 56.4 21.2 1,500
F 63.0 1.60 53.9 21.1 1,030
F 63.0 1.70 57.6 20.0 1,194
F 63.0 1.65 60.7 22.3 1,100
F 63.0 1.58 59.3 23.6 1,210
F 64.0 1.69 67.6 23.7 1,120
F 64.0 1.50 56.0 24.7 1,139
F 64.0 1.66 63.5 23.1 1,008
F 64.0 1.51 57.0 25.0 1,181
F 64.0 1.72 56.6 19.1 1,104
F 64.0 1.65 54.3 19.9 1,234
F 64.0 1.52 50.0 21.6 989
F 65.0 1.65 65.5 24.1 1,339
F 65.0 1.69 69.1 24.2 1,454
F 65.0 1.56 56.5 23.2 1,117
F 65.0 1.64 59.9 22.3 1,278
F 65.0 1.64 54.1 20.2 1,132
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TEE PALo PALCAT

3,067 2.18 VA
1,738 1.40 S
1,721 1.46 LA
1,784 1.68 A
2,264 1.70 A
2,318 1.80 A
1,814 1.48 LA
1,796 1.58 LA
2,597 2.05 VA
1,932 1.18 S
1,593 1.29 S
2,622 1.64 A
1,854 1.77 A
2,070 1.97 VA
2,239 1.99 VA
2,287 2.04 VA
2,469 2.05 VA
2,166 1.64 A
1,883 1.71 A
2,015 1.81 A
2,426 1.91 VA
2,340 1.99 VA
2,189 1.73 A
2,328 1.74 A
2,208 1.92 VA
2,275 2.01 VA
2,543 2.29 VA
1,575 1.29 S
1,876 1.47 LA
2,280 1.52 LA
1,671 1.62 A
2,044 1.71 A
1,910 1.74 A
2,376 1.96 VA
1,407 1.26 S
1,624 1.43 LA
1,684 1.67 A
2,223 1.88 A
2,137 1.93 VA
2,677 2.17 VA
2,199 2.22 VA
1,352 1.01 S
1,889 1.30 S
1,772 1.59 LA
2,118 1.66 A
2,577 2.28 VA continued
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TABLE I-3 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 66.0 1.68 60.8 21.5 1,696
F 66.0 1.68 69.4 24.6 1,482
F 67.0 1.58 57.0 22.8 1,159
F 67.0 1.56 54.8 22.5 1,154
F 67.0 1.67 66.0 23.7 1,267
F 68.0 1.63 65.7 24.7 1,280
F 68.0 1.65 52.0 19.1 1,100
F 68.0 1.68 66.6 23.6 1,362
F 68.0 1.69 65.4 22.9 1,230
F 68.0 1.56 47.5 19.5 1,090
F 69.0 1.56 55.4 22.8 1,070
F 70.0 1.63 61.3 23.1 1,152
F 70.0 1.72 61.0 20.6 1,226
F 70.0 1.66 52.3 19.0 1,037
F 70.0 1.64 61.2 22.8 1,512
F 70.0 1.58 56.8 22.8 1,260
F 71.0 1.78 79.1 25.0 1,420
F 71.0 1.65 57.4 21.1 1,189
F 71.0 1.62 54.8 20.9 1,236
F 72.0 1.58 52.7 21.1 1,120
F 72.0 1.63 56.2 21.2 1,140
F 72.0 1.65 66.4 24.4 1,180
F 73.0 1.62 57.8 22.0 1,498
F 74.0 1.68 62.7 22.2 1,123
F 76.0 1.57 46.2 18.7 1,109
F 83.0 1.54 53.0 22.3 1,200
F 86.0 1.59 53.0 21.0 1,123
F 87.0 1.52 48.0 20.8 1,049
F 88.0 1.55 49.5 20.6 1,188
F 89.0 1.50 51.0 22.7 1,135
F 89.0 1.53 56.8 24.3 1,162
F 91.0 1.52 45.5 19.7 1,097
F 92.0 1.49 45.0 20.3 1,004
F 93.0 1.73 61.0 20.4 1,386
F 95.0 1.52 46.7 20.2 1,336
F 95.0 1.56 56.7 23.3 1,152
F 96.0 1.61 55.7 21.5 1,363
F 96.0 1.50 56.0 24.9 1,130
F 96.0 1.56 53.0 21.8 1,016
F 96.0 1.52 50.3 21.8 1,032

NOTE: BEEo = basal energy expenditure (BEE) as observed in the study, TEE = total
energy expenditure, PALo = physical activity level (PAL) as observed in the study,
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TEE PALo PALCAT

1,941 1.14 S
2,359 1.59 LA
1,627 1.40 LA
1,859 1.61 A
2,710 2.14 VA
1,678 1.31 S
1,513 1.37 S
1,955 1.44 LA
1,919 1.56 LA
1,925 1.77 A
1,686 1.58 LA
1,369 1.19 S
1,795 1.46 LA
1,601 1.54 LA
2,353 1.56 LA
2,282 1.81 A
1,684 1.19 S
1,665 1.40 S
2,070 1.68 A
1,659 1.48 LA
1,854 1.63 A
1,937 1.64 A
1,776 1.19 S
2,089 1.86 A
2,298 2.07 VA
1,525 1.27 S
1,269 1.13 S
1,274 1.21 S
1,599 1.35 S
1,231 1.08 S
1,393 1.20 S
1,424 1.30 S
1,061 1.06 S
1,491 1.08 S
1,434 1.07 S
1,537 1.33 S
1,448 1.06 S
1,233 1.09 S
1,150 1.13 S
1,429 1.38 S

PALCAT = PAL category (S = sedentary, LA = low active, A = active, VA = very active), M
= male, F = female.
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TABLE I-4 Pregnant Women with Prepregnancy Body Mass
Index (BMI) from 18.5 up to 25 kg/m2

Gestation Age Height Weight
(wk) (y) (m) (kg) BMI

36 26 1.59 65.9 26.1
36 27 1.68 70.6 25.0
6 28.8 1.64 62.2 23.1

12 28.8 1.64 63.3 23.5
18 28.8 1.64 65.4 24.3
24 28.8 1.64 68.7 25.5
30 28.8 1.64 71.7 26.7
36 28.8 1.64 73.6 27.4
30 29 1.65 70.2 25.8
16–18 29 1.65 63.7 23.4
36 29 1.73 64.8 21.7
36 29 1.66 72.7 26.4
8–10 29.1 NR NR NR

24–26 29.1 NR NR NR
34–36 29.1 NR NR NR
36 30 1.66 64.2 23.3
36 30 1.57 56.6 23.0
36 31 1.63 57.4 21.6
36 32 1.55 67.6 28.2
36 34 1.60 68.2 26.6
36 38 1.73 91.3 30.5
36 40 1.65 71.9 26.4

NOTE: BEEo = basal energy expenditure (BEE) as observed in the study, TEE = total
energy expenditure, PALo = Physical activity level (PAL) as observed in the study,
PALCAT = PAL category (S = sedentary, LA = low active, A = active, VA = very active),
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BEEo TEE
(kcal/d) (kcal/d) PALo PALCAT

1,730 2,389 1.38 S
1,869 2,730 1.46 LA
1,504 2,323 1.54 LA
1,488 2,427 1.64 A
1,493 2,457 1.65 A
1,580 2,623 1.66 A
1,650 2,676 1.62 A
1,804 2,689 1.50 LA
1,649 2,988 1.82 A
1,434 2,294 1.65 A
1,757 2,182 1.24 S
1,745 2,916 1.66 A
1,305 2,048 1.57 LA
1,544 2,411 1.56 LA
1,691 2,729 1.61 A
1,934 2,497 1.29 S
1,539 2,653 1.72 A
1,750 2,636 1.51 LA
1,671 2,326 1.39 S
1,773 2,457 1.39 S
1,833 2,661 1.45 LA
1,532 2,168 1.42 LA

NR = not reported. Values in italics are calculated; BEEo values in bold were reported as
resting metabolic rate in the study.
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TABLE I-5 Lactating Women with Prepregnancy Body Mass
Index (BMI) from 18.5 up to 25 kg/m2

Month of Age Height Weight
Lactation (y) (m) (kg) BMI

1 26 1.59 54.2 21.4
2 26 1.59 53.2 21.1
3 26 1.59 52.7 20.8
1 27 1.68 60.4 21.4
2 27 1.68 59.9 21.2
3 27 1.68 60.7 21.5
2 28 1.67 64.4 23.1
6 28 1.67 63.0 22.6
1 29 1.73 55.8 18.6
2 29 1.73 56.3 18.8
3 29 1.73 56.7 18.9
1–1.5 29.1 NR NR NR
1 30 1.66 55.9 20.3
1 30 1.57 50.6 20.5
2 30 1.66 56.2 20.4
2 30 1.57 50.0 20.3
3 30 1.66 55.2 20.0
3 30 1.57 49.7 20.2
3 30.4 1.63 62.8 23.5
1 31 1.63 48.7 18.3
2 31 1.63 49.3 18.6
3 31 1.63 49.1 18.5
3–6.5 31.3 1.68 64.8 23.0
1 32 1.55 56.7 23.6
2 32 1.55 57.0 23.7
3 32 1.55 56.4 23.5
1 34 1.60 60.2 23.5
2 34 1.60 59.8 23.4
3 34 1.60 59.2 23.1
1 38 1.73 83.4 27.9
2 38 1.73 83.2 27.8
3 38 1.73 83.0 27.7
1 40 1.65 62.9 23.1
2 40 1.65 63.8 23.4
3 40 1.65 63.6 23.4

NOTE: BEEo = basal energy expenditure (BEE) as observed in the study, TEE = total
energy expenditure, PALo = physical activity level (PAL) as observed in the study,
PALCAT = PAL category (S = sedentary, LA = low active, A = active, VA = very active),
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BEEo TEE Milk Energy
(kcal/d) (kcal/d) PALo Output (kcal/d)

1,255 1,612 1.28 531
1,238 1,871 1.51 548
1,262 1,729 1.37 539
1,362 1,948 1.43 523
1,358 2,013 1.48 339
1,386 2,127 1.53 425
1,410 2,533 1.82 NR
1,434 2,581 1.79 NR
1,396 2,124 1.52 490
1,343 2,190 1.63 526
1,262 2,131 1.69 605
1,329 2,147 1.62 NR
1,565 2,380 1.52 567
1,358 1,883 1.39 480
1,573 2,339 1.49 511
1,319 2,176 1.65 490
1,372 2,406 1.75 379
1,281 2,334 1.82 477
1,331 2,414 1.79 483
1,370 2,520 1.84 531
1,379 2,516 1.82 617
1,346 2,636 1.96 467
1,377 2,414 1.75 538
1,575 1,800 1.14 665
1,248 2,100 1.68 699
1,303 1,876 1.44 693
1,432 2,124 1.48 540
1,503 2,065 1.37 400
1,355 1,700 1.25 428
1,497 3,105 2.07 290
1,527 2,525 1.65 NR
1,471 2,579 1.75 552
1,262 1,609 1.28 750
1,484 1,925 1.30 655
1,417 1,871 1.32 735

NR = not reported. Values in italics are calculated. BEEo values in bold were reported as
resting metabolic rate (RMR) in the study.
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TABLE I-6 Overweight/Obese Children, 3 Through 18 Years
of Age, with Body Mass Index (BMI) > 85th Percentile

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 4.0 1.07 21.7 18.9 NR
M 4.0 1.02 18.1 17.4 NR
M 4.1 1.17 23.2 20.2 NR
M 4.3 1.21 29.7 20.3 NR
M 4.6 1.07 20.3 17.7 NR
M 4.8 1.07 20.8 18.3 NR
M 5.0 1.18 29.8 21.4 1,220
M 5.0 1.18 30.7 22.0 1,010
M 5.0 1.15 22.4 16.9 1,085
M 5.0 1.09 25.1 21.1 1,020
M 5.0 1.15 22.3 16.9 1,060
M 5.0 1.11 22.1 17.9 1,030
M 5.0 1.19 26.5 18.7 1,235
M 5.0 1.18 28.9 20.8 1,200
M 5.0 1.20 31.0 21.5 1,235
M 5.0 1.18 28.5 20.5 1,205
M 5.0 1.11 21.7 17.6 980
M 5.0 1.19 36.1 25.5 1,385
M 5.0 1.08 19.9 17.1 1,015
M 5.0 1.13 23.9 18.7 1,300
M 5.0 1.21 35.3 24.1 1,325
M 5.0 1.12 25.4 20.2 1,135
M 5.0 1.19 32.1 22.7 1,310
M 5.0 1.20 24.9 17.3 1,150
M 5.0 1.17 27.3 19.9 1,185
M 5.0 1.16 35.5 26.4 1,210
M 5.0 1.23 28.6 18.9 1,320
M 5.0 1.23 32.3 21.4 1,200
M 5.0 1.17 23.8 17.4 1,115
M 5.0 1.17 23.4 17.1 1,145
M 5.0 1.15 26.5 20.0 1,185
M 5.0 1.16 23.6 17.5 1,045
M 5.0 1.18 23.7 17.0 1,170
M 5.0 1.15 22.7 17.2 1,195
M 5.0 1.12 24.4 19.5 1,235
M 5.0 1.18 32.1 23.1 1,465
M 5.0 1.21 26.5 18.1 1,105
M 5.0 1.11 23.9 19.4 1,085
M 5.0 1.15 24.0 18.1 1,215
M 5.0 1.12 22.5 17.9 1,035
M 5.0 1.19 26.0 18.4 1,250
M 5.0 1.19 26.3 18.6 1,191
M 5.0 1.11 20.9 17.0 1,125
M 5.0 1.22 37.9 25.5 1,470
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,100 1,342 1.22 NR S
1,015 1,017 1.00 NR S
1,117 1,632 1.46 NR LA
1,279 1,905 1.49 NR LA
1,053 1,478 1.40 NR LA
1,053 1,572 1.49 NR LA
1,244 1,418 1.14 1.16 S
1,259 1,481 1.18 1.47 LA
1,108 1,336 1.21 1.23 S
1,128 1,388 1.23 1.36 S
1,107 1,389 1.26 1.31 S
1,086 1,370 1.26 1.33 S
1,193 1,529 1.28 1.24 S
1,229 1,577 1.28 1.31 S
1,273 1,633 1.28 1.32 S
1,223 1,571 1.28 1.30 S
1,080 1,401 1.30 1.43 LA
1,354 1,758 1.30 1.27 S
1,037 1,359 1.31 1.34 S
1,125 1,477 1.31 1.14 S
1,349 1,795 1.33 1.35 S
1,146 1,529 1.33 1.35 S
1,287 1,725 1.34 1.32 S
1,171 1,588 1.36 1.38 S
1,198 1,627 1.36 1.37 S
1,331 1,818 1.37 1.50 LA
1,246 1,721 1.38 1.30 S
1,307 1,807 1.38 1.51 LA
1,140 1,576 1.38 1.41 LA
1,133 1,581 1.40 1.38 S
1,177 1,659 1.41 1.40 LA
1,132 1,600 1.41 1.53 LA
1,142 1,621 1.42 1.39 S
1,113 1,581 1.42 1.32 S
1,129 1,621 1.44 1.31 S
1,283 1,842 1.44 1.26 S
1,202 1,729 1.44 1.56 LA
1,117 1,608 1.44 1.48 LA
1,135 1,635 1.44 1.35 S
1,097 1,585 1.44 1.53 LA
1,185 1,718 1.45 1.37 S
1,190 1,751 1.47 1.47 LA
1,066 1,581 1.48 1.41 LA
1,396 2,071 1.48 1.41 LA

continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 5.0 1.17 23.9 17.5 1,150
M 5.0 1.20 30.5 21.2 1,245
M 5.0 1.06 18.9 16.8 1,040
M 5.0 1.17 26.0 19.0 1,085
M 5.0 1.21 28.7 19.6 1,225
M 5.0 1.20 27.0 18.8 1,135
M 5.0 1.17 25.8 18.8 1,175
M 5.0 1.22 39.6 26.6 1,380
M 5.0 1.21 29.4 20.1 1,345
M 5.0 1.15 30.8 23.3 1,240
M 5.1 1.16 23.1 17.1 NR
M 5.1 1.21 24.5 16.8 NR
M 5.2 1.18 24.7 17.6 NR
M 5.3 1.18 25.2 17.9 NR
M 5.6 1.13 21.8 17.2 NR
M 5.6 1.07 20.0 17.5 NR
M 5.6 1.15 25.0 18.9 NR
M 5.7 1.13 27.2 21.2 NR
M 5.7 1.24 26.4 17.1 NR
M 6.0 1.20 33.6 23.3 1,125
M 6.0 1.15 25.0 18.9 965
M 6.0 1.22 29.2 19.6 1,215
M 6.0 1.28 30.5 18.6 1,250
M 6.0 1.19 37.1 26.2 1,285
M 6.0 1.21 28.5 19.5 1,300
M 6.0 1.13 22.9 17.9 995
M 6.0 1.23 29.7 19.6 1,080
M 6.0 1.24 27.6 18.0 1,280
M 6.5 1.27 36.7 22.8 NR
M 6.5 1.20 29.0 19.9 NR
M 7.0 1.24 27.1 17.6 NR
M 7.0 1.30 35.6 21.2 NR
M 7.0 1.34 31.4 17.5 1,194
M 7.0 1.26 38.9 24.5 1,430
M 7.2 1.23 30.0 19.8 NR
M 7.3 1.19 25.6 18.1 NR
M 7.3 1.32 34.3 19.8 NR
M 7.4 1.34 31.2 17.4 NR
M 7.4 1.33 45.1 25.5 NR
M 7.7 1.24 35.7 23.2 NR
M 7.7 1.28 29.3 17.7 NR
M 7.9 1.32 33.0 18.9 NR
M 7.9 1.35 36.0 19.8 NR
M 8.0 1.38 35.9 18.9 1,170
M 8.0 1.36 33.5 18.1 1,165
M 8.2 1.53 68.4 29.2 NR
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,142 1,718 1.50 1.49 LA
1,265 1,926 1.52 1.55 LA
1,012 1,554 1.54 1.49 LA
1,177 1,810 1.54 1.67 A
1,239 1,911 1.54 1.56 LA
1,206 1,866 1.55 1.64 A
1,173 1,831 1.56 1.56 LA
1,425 2,229 1.56 1.62 A
1,250 1,964 1.57 1.46 LA
1,248 2,049 1.64 1.65 A
1,120 1,558 1.39 NR S
1,165 1,658 1.42 NR LA
1,155 2,741 2.37 NR VA
1,159 1,284 1.11 NR S
1,069 1,462 1.37 NR S
1,015 1,122 1.11 NR S
1,132 1,442 1.27 NR S
1,157 1,168 1.01 NR S
1,188 1,780 1.50 NR LA
1,283 1,642 1.28 1.46 LA
1,118 1,496 1.34 1.55 LA
1,218 1,705 1.40 1.40 LA
1,264 1,776 1.40 1.42 LA
1,337 2,018 1.51 1.57 LA
1,202 1,848 1.54 1.42 LA
1,075 1,688 1.57 1.70 A
1,230 1,943 1.58 1.80 A
1,199 1,957 1.63 1.53 LA
1,347 1,609 1.19 NR S
1,190 1,960 1.65 NR A
1,159 2,156 1.86 NR A
1,322 1,687 1.28 NR S
1,271 1,996 1.57 1.67 A
1,363 2,186 1.60 1.53 LA
1,195 1,676 1.40 NR LA
1,101 1,448 1.32 NR S
1,299 1,836 1.41 NR LA
1,254 1,707 1.36 NR S
1,482 2,515 1.70 NR A
1,278 1,386 1.08 NR S
1,190 1,915 1.61 NR A
1,258 1,484 1.18 NR S
1,322 2,975 2.25 NR VA
1,330 2,110 1.59 1.80 A
1,281 2,109 1.65 1.81 A
1,928 2,657 1.38 NR S continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

M 8.4 1.42 53.4 26.5 NR
M 9.0 1.40 39.0 19.9 NR
M 9.0 1.38 45.5 24.0 NR
M 9.0 1.40 41.9 21.4 1,465
M 9.1 1.48 48.3 22.2 NR
M 9.3 1.40 40.0 20.4 NR
M 9.3 1.41 54.6 27.5 NR
M 9.5 1.38 41.9 22.0 NR
M 9.7 1.46 47.8 22.6 NR
M 9.8 1.51 56.9 25.0 NR
M 9.9 1.44 41.8 20.0 NR
M 10.0 1.49 78.0 35.1 2,155
M 10.0 1.51 66.5 29.2 1,610
M 10.0 1.46 59.6 28.0 1,705
M 10.0 1.52 55.2 23.9 1,510
M 10.0 1.44 42.4 20.4 1,330
M 10.0 1.52 66.7 28.9 1,815
M 10.0 1.47 68.7 31.8 1,805
M 10.0 1.44 59.1 28.5 1,650
M 10.0 1.49 56.3 25.4 1,775
M 10.0 1.45 52.9 25.2 1,565
M 10.0 1.44 57.8 27.9 1,515
M 10.0 1.45 80.2 38.1 1,930
M 10.0 1.56 69.3 28.5 1,960
M 10.0 1.46 53.8 25.2 1,450
M 10.0 1.44 42.8 20.6 1,405
M 10.0 1.37 41.4 22.1 1,320
M 10.0 1.49 56.6 25.5 1,770
M 10.0 1.47 51.9 24.0 1,570
M 10.0 1.42 48.6 24.1 1,695
M 10.0 1.52 63.4 27.4 1,795
M 10.0 1.44 40.8 19.7 1,435
M 10.2 1.36 66.1 35.7 NR
M 10.5 1.42 48.0 24.0 NR
M 11.0 1.62 54.3 20.7 1,520
M 11.0 1.56 63.9 26.2 NR
M 13.9 1.69 66.5 23.3 1,865
F 4.0 1.10 23.0 19.0 945
F 4.0 1.08 20.7 17.7 1,020
F 4.0 1.09 20.0 16.8 NR
F 4.2 1.09 25.4 21.5 NR
F 4.2 1.03 18.5 17.4 NR
F 4.4 1.03 18.0 17.0 NR
F 4.5 0.99 16.7 16.9 NR
F 4.5 1.12 22.3 17.8 NR
F 4.6 1.05 20.5 18.7 NR
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,625 2,648 1.63 NR A
1,356 1,808 1.33 NR S
1,455 2,091 1.44 NR LA
1,405 2,306 1.64 1.57 LA
1,540 2,724 1.77 NR A
1,363 1,841 1.35 NR S
1,611 3,341 2.07 NR VA
1,379 2,276 1.65 NR A
1,503 2,461 1.64 NR A
1,674 2,406 1.44 NR LA
1,392 2,063 1.48 NR LA
2,012 2,602 1.29 1.21 S
1,828 2,458 1.34 1.53 LA
1,692 2,427 1.43 1.42 LA
1,643 2,381 1.45 1.58 LA
1,396 2,036 1.46 1.53 LA
1,836 2,678 1.46 1.48 LA
1,848 2,720 1.47 1.51 LA
1,675 2,466 1.47 1.49 LA
1,649 2,432 1.47 1.37 S
1,576 2,342 1.49 1.50 LA
1,653 2,475 1.50 1.63 A
2,032 3,096 1.52 1.60 A
1,896 2,979 1.57 1.52 LA
1,595 2,508 1.57 1.73 A
1,403 2,223 1.58 1.58 LA
1,350 2,141 1.59 1.62 A
1,654 2,653 1.60 1.50 LA
1,567 2,515 1.60 1.60 A
1,491 2,453 1.64 1.45 LA
1,780 2,985 1.68 1.66 A
1,369 2,414 1.76 1.68 A
1,751 2,132 1.22 NR S
1,462 1,878 1.28 NR S
1,637 2,294 1.40 1.51 LA
1,773 2,652 1.50 NR LA
1,772 2,964 1.67 1.59 LA
1,076 1,377 1.28 1.46 LA
1,040 1,345 1.29 1.32 S
1,034 1,152 1.11 NR S
1,096 1,420 1.30 NR S

992 1,404 1.42 NR LA
978 1,156 1.18 NR S
947 1,066 1.13 NR S

1,059 1,516 1.43 NR LA
1,009 1,261 1.25 NR S continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 4.7 1.17 25.2 18.4 NR
F 4.7 1.10 20.9 17.3 NR
F 4.8 1.09 22.5 18.9 NR
F 5.0 1.19 27.8 19.6 1,110
F 5.0 1.21 28.0 19.1 1,185
F 5.0 1.13 24.7 19.3 1,010
F 5.0 1.13 26.6 20.8 980
F 5.0 1.08 20.3 17.4 970
F 5.0 1.09 23.7 19.9 980
F 5.0 1.16 25.4 18.9 930
F 5.0 1.12 23.8 19.0 1,035
F 5.0 1.14 22.0 16.9 830
F 5.0 1.19 31.0 21.9 1,205
F 5.0 1.15 22.5 17.0 1,010
F 5.0 1.23 39.7 26.2 1,355
F 5.0 1.10 24.5 20.2 980
F 5.0 1.19 30.6 21.6 1,150
F 5.0 1.1 21.8 17.7 975
F 5.0 1.26 28.1 17.7 1,025
F 5.0 1.21 29.5 20.1 1,180
F 5.0 1.23 30.1 19.9 1,105
F 5.0 1.21 42.9 29.3 1,490
F 5.0 1.17 27.3 19.9 1,135
F 5.0 1.21 27.2 18.6 980
F 5.0 1.25 30.3 19.4 1,315
F 5.0 1.13 22.6 17.7 895
F 5.0 1.18 24.2 17.4 1,040
F 5.0 1.24 38.5 25.0 1,160
F 5.0 1.22 29.2 19.6 1,200
F 5.0 1.20 25.5 17.7 1,150
F 5.0 1.13 21.4 16.8 1,030
F 5.0 1.15 27.3 20.6 1,105
F 5.0 1.17 25.5 18.6 1,045
F 5.0 1.14 24.7 19.0 1,045
F 5.0 1.12 21.2 16.9 905
F 5.0 1.13 22.9 17.9 1,095
F 5.0 1.13 21.7 17.0 935
F 5.0 1.23 34.7 22.9 1,344
F 5.0 1.16 31.5 23.4 1,185
F 5.0 1.23 28.4 18.8 1,085
F 5.0 1.21 31.4 21.4 1,240
F 5.0 1.18 26.3 18.9 1,120
F 5.0 1.16 38.4 28.5 1,450
F 5.0 1.10 21.0 17.4 1,027
F 5.0 1.17 25.0 18.3 1,165
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,108 1,395 1.26 NR S
1,030 1,321 1.28 NR S
1,044 1,506 1.44 NR LA
1,139 1,304 1.14 1.17 S
1,149 1,341 1.17 1.13 S
1,080 1,268 1.17 1.26 S
1,104 1,323 1.20 1.35 S
1,008 1,258 1.25 1.30 S
1,054 1,317 1.25 1.34 S
1,099 1,379 1.25 1.48 LA
1,066 1,343 1.26 1.30 S
1,050 1,326 1.26 1.60 LA
1,179 1,538 1.30 1.28 S
1,060 1,388 1.31 1.37 S
1,301 1,712 1.32 1.26 S
1,067 1,407 1.32 1.44 LA
1,174 1,555 1.32 1.35 S
1,037 1,376 1.33 1.41 LA
1,167 1,554 1.33 1.52 LA
1,167 1,563 1.34 1.32 S
1,182 1,591 1.35 1.44 LA
1,334 1,798 1.35 1.21 S
1,126 1,528 1.36 1.35 S
1,139 1,547 1.36 1.58 LA
1,191 1,627 1.37 1.24 S
1,054 1,441 1.37 1.61 A
1,091 1,500 1.37 1.44 LA
1,289 1,783 1.38 1.54 LA
1,167 1,624 1.39 1.35 S
1,114 1,551 1.39 1.35 S
1,039 1,452 1.40 1.41 LA
1,119 1,565 1.40 1.42 LA
1,104 1,546 1.40 1.48 LA
1,084 1,522 1.40 1.46 LA
1,033 1,455 1.41 1.61 A
1,058 1,495 1.41 1.37 S
1,043 1,483 1.42 1.59 LA
1,239 1,763 1.42 1.31 S
1,175 1,683 1.43 1.42 LA
1,161 1,686 1.45 1.55 LA
1,191 1,752 1.47 1.41 LA
1,117 1,652 1.48 1.48 LA
1,260 1,893 1.50 1.31 S
1,024 1,571 1.53 1.53 LA
1,098 1,699 1.55 1.46 LA

continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 5.0 1.22 34.5 23.2 1,146
F 5.0 1.19 26.4 18.6 1,250
F 5.1 1.08 21.3 18.3 NR
F 5.1 1.22 31.9 21.4 NR
F 5.2 1.00 19.0 18.3 NR
F 5.4 1.14 23.8 18.4 NR
F 5.4 1.14 22.0 16.8 NR
F 5.8 1.15 22.6 17.1 NR
F 5.8 1.14 22.0 16.9 NR
F 5.8 1.14 22.1 17.0 NR
F 5.8 1.14 23.0 17.7 NR
F 6.0 1.20 30.4 21.1 1,235
F 6.0 1.23 32.3 21.4 1,185
F 6.0 1.12 21.4 17.1 1,010
F 6.0 1.27 32.2 20.0 1,205
F 6.2 1.20 29.0 20.1 NR
F 6.3 1.18 23.9 17.1 NR
F 6.4 1.31 45.4 26.5 NR
F 6.5 1.19 27.7 19.5 NR
F 6.6 1.24 44.9 29.4 NR
F 6.7 1.34 44.1 24.7 NR
F 6.8 1.29 34.0 20.4 NR
F 6.9 1.25 39.7 25.4 NR
F 7.0 1.28 30.9 18.8 NR
F 7.0 1.25 28.0 18.0 NR
F 7.0 1.18 24.8 17.8 1,030
F 7.0 1.24 28.4 18.5 1,030
F 7.0 1.32 31.1 17.8 1,160
F 7.0 1.25 32.6 20.9 NR
F 7.1 1.22 32.9 21.9 NR
F 7.1 1.17 27.1 19.8 NR
F 7.2 1.19 33.0 23.3 NR
F 7.3 1.22 26.5 17.9 NR
F 7.4 1.33 32.0 18.0 1,109
F 7.5 1.21 27.9 19.1 NR
F 7.6 1.35 39.1 21.5 NR
F 7.6 1.34 44.2 24.8 NR
F 7.7 1.37 55.6 29.5 NR
F 7.8 1.13 50.0 39.2 NR
F 7.8 1.22 26.6 17.8 1,028
F 7.9 1.28 28.9 17.8 NR
F 7.9 1.35 34.7 19.0 1,177
F 8.0 1.36 52.0 28.3 NR
F 8.0 1.26 29.7 18.8 NR
F 8.3 1.34 37.5 21.0 1,239
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,233 1,915 1.55 1.67 A
1,122 1,976 1.76 1.58 LA
1,017 1,210 1.19 NR S
1,198 1,583 1.32 NR S

966 1,104 1.14 NR S
1,059 1,523 1.44 NR LA
1,039 1,642 1.58 NR LA
1,039 1,721 1.66 NR A
1,029 1,468 1.43 NR LA
1,030 1,348 1.31 NR S
1,040 1,148 1.10 NR S
1,148 1,419 1.24 1.15 S
1,182 1,540 1.30 1.30 S
1,009 1,507 1.49 1.49 LA
1,195 1,905 1.59 1.58 LA
1,126 1,795 1.59 NR LA
1,052 1,376 1.31 NR S
1,361 1,987 1.46 NR LA
1,097 1,417 1.29 NR S
1,324 1,913 1.44 NR LA
1,346 2,516 1.87 NR A
1,202 1,931 1.61 NR A
1,257 1,568 1.25 NR S
1,155 1,323 1.15 NR S
1,108 1,612 1.45 NR LA
1,045 1,621 1.55 1.57 LA
1,111 1,764 1.59 1.71 A
1,172 2,065 1.76 1.78 A
1,166 2,299 1.97 NR VA
1,159 1,211 1.05 NR S
1,067 1,399 1.31 NR S
1,144 1,760 1.54 NR LA
1,071 1,648 1.54 NR LA
1,176 2,071 1.76 1.87 A
1,081 1,465 1.36 NR S
1,267 1,660 1.31 NR S
1,323 2,246 1.70 NR A
1,475 1,980 1.34 NR S
1,319 1,863 1.41 NR LA
1,059 2,158 2.04 2.10 VA
1,105 1,569 1.42 NR LA
1,203 2,003 1.67 1.70 A
1,416 2,472 1.75 NR A
1,103 1,619 1.47 NR LA
1,223 2,222 1.82 1.79 A

continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 8.3 1.32 32.5 18.8 NR
F 8.3 1.37 35.3 18.8 1,225
F 8.4 1.30 32.0 19.0 1,121
F 8.4 1.38 37.8 20.0 NR
F 8.4 1.38 35.6 18.5 NR
F 8.4 1.50 66.0 29.3 NR
F 8.4 1.31 41.5 24.2 NR
F 8.5 1.33 32.5 18.3 NR
F 8.6 1.36 35.5 19.2 1,254
F 8.6 1.25 30.1 19.2 NR
F 8.6 1.30 31.7 18.6 NR
F 8.7 1.32 40.9 23.5 NR
F 8.7 1.32 43.0 24.5 NR
F 8.7 1.33 35.5 20.0 NR
F 8.7 1.38 43.8 23.0 NR
F 8.7 1.30 31.1 18.5 1,123
F 8.8 1.39 54.1 28.0 NR
F 8.8 1.55 58.0 24.1 NR
F 8.8 1.28 34.2 21.2 NR
F 8.8 1.34 35.4 19.6 1,034
F 8.8 1.43 41.1 20.2 1,193
F 8.9 1.37 35.9 19.2 1,415
F 8.9 1.26 29.4 18.4 1,180
F 9.0 1.30 34.9 20.6 1,308
F 9.0 1.53 60.8 26.0 1,485
F 9.1 1.38 50.6 26.4 NR
F 9.1 1.42 38.7 19.2 1,111
F 9.5 1.53 65.5 28.1 NR
F 9.5 1.40 44.3 22.6 NR
F 9.6 1.43 45.9 22.4 NR
F 9.6 1.41 44.6 22.4 NR
F 9.6 1.44 51.3 24.9 NR
F 9.7 1.48 42.2 19.2 1,508
F 9.9 1.47 62.6 29.0 NR
F 9.9 1.43 46.8 22.9 NR
F 10.0 1.54 69.8 29.4 1,695
F 10.0 1.50 70.4 31.3 1,678
F 10.0 1.47 65.9 30.5 1,625
F 10.0 1.37 38.6 20.6 1,240
F 10.0 1.54 73.0 30.8 1,540
F 10.0 1.44 45.8 22.1 1,530
F 10.0 1.40 54.1 27.6 1,385
F 10.0 1.51 64.8 28.4 1,605
F 10.0 1.51 60.3 26.4 1,535
F 10.0 1.47 46.3 21.4 1,400
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,152 1,734 1.50 NR LA
1,207 1,682 1.39 1.37 S
1,139 2,415 2.12 2.15 VA
1,236 1,683 1.36 NR S
1,212 1,687 1.39 NR S
1,630 2,699 1.66 NR A
1,260 2,286 1.81 NR A
1,153 1,921 1.67 NR A
1,198 1,381 1.15 1.10 S
1,092 1,432 1.31 NR S
1,131 1,585 1.40 NR LA
1,248 1,481 1.19 NR S
1,276 1,949 1.53 NR LA
1,184 2,625 2.22 NR VA
1,304 2,211 1.70 NR A
1,117 1,503 1.35 1.34 S
1,433 2,049 1.43 NR LA
1,537 2,209 1.44 NR LA
1,144 1,766 1.54 NR LA
1,185 2,066 1.74 2.00 VA
1,284 2,313 1.80 1.94 VA
1,196 2,304 1.93 1.63 A
1,079 2,347 2.17 1.99 VA
1,160 2,344 2.02 1.79 A
1,559 2,131 1.37 1.44 LA
1,380 2,342 1.70 NR A
1,244 1,990 1.60 1.79 A
1,603 2,300 1.43 NR LA
1,296 2,198 1.70 NR A
1,323 2,126 1.61 NR A
1,300 2,224 1.71 NR A
1,392 2,397 1.72 NR A
1,293 2,291 1.77 1.52 LA
1,536 2,294 1.49 NR LA
1,327 2,246 1.69 NR A
1,648 2,353 1.43 1.39 S
1,641 2,439 1.49 1.45 LA
1,575 2,380 1.51 1.46 LA
1,202 1,817 1.51 1.47 LA
1,687 2,565 1.52 1.67 A
1,315 2,011 1.53 1.31 S
1,404 2,192 1.56 1.58 LA
1,575 2,467 1.57 1.54 LA
1,519 2,397 1.58 1.56 LA
1,332 2,109 1.58 1.51 LA

continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 10.0 1.38 41.5 21.8 1,260
F 10.0 1.57 76.0 30.8 1,920
F 10.0 1.39 45.7 23.7 1,360
F 10.0 1.56 60.7 24.9 1,875
F 10.0 1.45 55.0 26.2 1,580
F 10.0 1.41 42.9 21.6 1,340
F 10.0 1.44 64.2 31.0 1,625
F 10.0 1.47 56.9 26.3 1,535
F 10.1 1.46 43.5 20.3 NR
F 10.2 1.38 40.6 21.3 1,298
F 10.3 1.48 44.1 20.2 NR
F 10.4 1.55 52.1 21.6 1,478
F 10.5 1.48 45.5 20.6 1,261
F 10.6 1.63 57.7 21.7 1,448
F 10.6 1.45 47.9 22.8 1,294
F 10.9 1.41 46.9 23.6 1,214
F 11.0 1.64 78.2 29.1 1,717
F 11.0 1.57 80.2 32.5 1,815
F 11.1 1.43 46.0 22.5 1,292
F 11.5 1.50 72.4 32.2 1,783
F 11.8 1.54 59.3 25.0 1,541
F 11.9 1.65 59.6 21.9 1,071
F 11.9 1.60 56.5 21.9 1,554
F 11.9 1.68 59.1 21.0 1,486
F 12.0 1.59 56.7 22.4 1,386
F 12.0 1.56 53.2 22.0 1,534
F 12.0 1.48 48.2 22.0 NR
F 12.1 1.64 72.8 27.1 NR
F 12.4 1.57 55.7 22.5 1,265
F 12.4 1.62 64.3 24.4 1,593
F 12.5 1.48 64.1 29.2 1,271
F 12.5 1.62 65.2 24.8 1,488
F 12.6 1.54 60.1 25.2 1,404
F 12.6 1.55 56.9 23.7 1,400
F 12.9 1.49 55.0 24.7 1,460
F 14.2 1.65 91.0 33.3 1,438
F 14.5 1.66 66.3 24.1 1,577
F 14.7 1.59 64.7 25.5 1,458
F 14.7 1.60 75.5 29.5 1,698
F 14.8 1.62 61.7 23.5 1,423
F 14.9 1.67 76.0 27.3 1,528
F 14.9 1.61 65.0 25.2 1,548
F 15.0 1.59 82.8 32.8 1,555
F 15.0 1.75 83.1 27.1 1,522
F 15.3 1.62 65.2 25.0 1,538
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,241 1,988 1.60 1.58 LA
1,735 2,801 1.61 1.46 LA
1,297 2,100 1.62 1.54 LA
1,542 2,530 1.64 1.35 S
1,433 2,371 1.65 1.50 LA
1,269 2,123 1.67 1.58 LA
1,544 2,627 1.70 1.62 A
1,463 2,723 1.86 1.77 A
1,293 1,916 1.48 NR LA
1,224 1,599 1.31 1.23 S
1,299 3,025 2.33 NR VA
1,423 1,993 1.40 1.35 S
1,314 2,809 2.14 2.23 VA
1,511 2,569 1.70 1.77 A
1,327 2,946 2.22 2.28 VA
1,295 2,630 2.03 2.17 VA
1,761 2,990 1.70 1.74 A
1,760 2,655 1.51 1.46 LA
1,285 2,601 2.02 2.01 VA
1,625 2,913 1.79 1.63 A
1,469 2,820 1.92 1.83 A
1,509 2,635 1.75 2.46 VA
1,454 2,482 1.71 1.60 LA
1,511 1,719 1.14 1.16 S
1,450 2,655 1.83 1.92 VA
1,395 1,650 1.18 1.08 S
1,305 1,687 1.29 NR S
1,662 2,592 1.56 NR LA
1,420 2,015 1.42 1.59 LA
1,544 2,499 1.62 1.57 LA
1,490 1,630 1.09 1.28 S
1,551 2,661 1.72 1.79 A
1,460 2,485 1.70 1.77 A
1,422 2,784 1.96 1.99 VA
1,370 1,886 1.38 1.29 S
1,836 3,414 1.86 2.37 VA
1,525 3,581 2.35 2.27 VA
1,477 1,798 1.22 1.23 S
1,613 2,868 1.78 1.69 A
1,447 2,443 1.69 1.72 A
1,638 3,095 1.89 2.03 VA
1,480 1,965 1.33 1.27 S
1,693 2,584 1.53 1.66 A
1,751 2,986 1.71 1.96 VA
1,474 3,119 2.12 2.03 VA

continued
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TABLE I-6 Continued

Age Height Weight BEEo
Sex (y) (m) (kg) BMI (kcal/d)

F 15.6 1.51 68.1 29.9 1,543
F 16.0 1.75 87.7 28.5 1,725
F 16.3 1.65 73.4 27.0 1,625

NOTE:  BEEo = basal energy expenditure (BEE) as observed in the study, BEEp = BEE
as predicted based on the following equations:

Girls: BEEp (kcal/d) = 515.8 – 26.8 × Age (y) + 347 × Height (m) + 12.4 × Weight (kg)
Boys: BEEp (kcal/d) = 419.9 – 33.5 × Age (y) + 418.9 × Height (m) + 16.7 × Weight (kg).
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BEEp
(kcal/d) TEE PALp PALo PALCAT

1,467 1,934 1.32 1.25 S
1,783 3,367 1.89 1.95 VA
1,562 3,215 2.06 1.98 VA

TEE = total energy expenditure, PALo = physical activity level (PAL) as observed in the
study, PALp = TEE/BEEp, PALCAT = PAL category (S = sedentary, LA = low active, A =
active, VA = very active), M = male, F = female, NR = not reported.
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TABLE I-7 Overweight/Obese Adults with Body Mass Index
(BMI) ≥ 25 kg/m2

Age Height Weight
Sex (y) (m) (kg) BMI

M 20.0 1.79 81.4 25.4
M 23.7 1.79 87.7 27.4
M 26.0 1.90 94.1 26.1
M 27.0 1.75 77.6 25.3
M 29.0 1.82 83.0 25.1
M 29.0 1.72 76.5 25.9
M 29.0 1.87 97.0 27.7
M 30.0 1.79 81.7 25.5
M 30.0 1.87 215.7 61.7
M 30.0 1.85 101.4 29.6
M 30.0 1.83 87.7 26.2
M 32.0 1.84 88.7 26.2
M 32.0 1.74 78.2 25.8
M 32.0 1.83 88.3 26.4
M 32.0 1.82 89.0 26.9
M 32.0 1.88 125.1 35.4
M 33.0 1.81 88.6 27.0
M 33.0 1.71 90.6 31.0
M 34.0 1.81 82.7 25.3
M 34.0 1.83 92.7 27.7
M 34.0 1.66 98.2 35.6
M 35.0 1.78 160.4 50.6
M 35.0 1.90 95.1 26.3
M 35.0 1.73 77.2 25.8
M 35.0 1.92 131.6 35.7
M 35.0 1.82 99.0 29.9
M 35.0 1.82 101.9 30.8
M 36.0 1.87 120.2 34.4
M 36.0 1.75 89.0 29.1
M 36.0 1.80 86.6 26.7
M 36.0 1.89 122.3 34.2
M 37.0 1.73 105.6 35.3
M 37.0 1.75 103.9 33.9
M 37.0 1.78 97.0 30.6
M 37.0 1.81 94.7 28.9
M 37.0 1.80 100.2 30.9
M 37.0 1.81 106.2 32.4
M 38.0 1.80 140.0 43.2
M 38.0 1.83 99.9 29.8
M 38.0 1.87 127.8 36.5
M 39.0 1.78 80.2 25.3
M 39.0 1.76 78.1 25.2
M 39.0 1.79 84.4 26.3
M 39.0 1.82 85.0 25.7
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BEEo
(kcal/d) TEE PALo PALCAT

1,720 3,311 1.92 VA
1,764 3,938 2.23 VA
2,127 3,456 1.62 A
1,649 2,897 1.76 A
1,649 2,968 1.80 A
1,785 3,396 1.90 VA
2,314 4,704 2.03 VA
1,783 2,652 1.49 LA
3,035 4,661 1.54 LA
2,075 3,619 1.74 A
1,766 3,991 2.26 VA
1,960 2,646 1.35 S
1,816 2,749 1.51 LA
1,816 3,014 1.66 A
1,931 3,248 1.68 A
2,271 3,848 1.69 A
1,745 3,210 1.84 A
1,735 3,767 2.17 VA
1,826 3,021 1.65 A
2,137 3,647 1.71 A
2,149 4,056 1.89 A
2,916 3,585 1.23 S
2,223 3,458 1.56 LA
2,137 3,872 1.81 A
2,294 5,129 2.24 VA
1,965 4,558 2.32 VA
1,843 4,534 2.46 VA
2,419 3,850 1.59 LA
1,943 3,384 1.74 A
1,742 3,131 1.80 A
2,096 3,850 1.84 A
1,974 3,109 1.58 LA
1,769 3,322 1.88 A
1,931 3,719 1.93 VA
1,984 4,135 2.08 VA
1,754 3,743 2.13 VA
2,094 4,534 2.17 VA
2,820 3,776 1.34 S
2,067 4,149 2.01 VA
2,557 5,139 2.01 VA
1,649 2,438 1.48 LA
1,795 2,925 1.63 A
1,824 3,604 1.98 VA
1,864 3,920 2.10 VA

continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

M 40.0 1.73 77.0 25.7
M 40.0 1.71 74.6 25.5
M 40.0 1.75 77.1 25.2
M 40.0 1.86 139.5 40.3
M 40.0 1.64 73.9 27.5
M 40.0 1.83 92.2 27.5
M 40.0 1.74 94.8 31.3
M 40.0 1.74 81.1 26.8
M 41.0 1.76 89.0 28.7
M 41.0 1.74 79.7 26.3
M 41.0 1.72 77.0 26.0
M 41.0 1.71 86.4 29.5
M 41.0 1.81 86.5 26.4
M 41.0 1.77 85.8 27.4
M 42.0 1.76 115.6 37.3
M 42.0 1.77 111.3 35.5
M 42.0 1.67 72.7 26.1
M 42.0 1.81 82.5 25.2
M 43.0 1.77 109.4 34.9
M 44.0 1.81 102.4 31.3
M 44.0 1.83 113.2 33.8
M 44.0 1.85 104.5 30.5
M 45.0 1.82 89.1 26.9
M 46.0 1.68 111.8 39.6
M 46.0 1.79 96.6 30.1
M 46.0 1.69 84.5 29.6
M 47.0 1.70 114.9 39.8
M 47.0 1.71 88.5 30.3
M 48.0 1.90 107.5 29.8
M 48.0 1.73 80.9 27.0
M 49.0 1.78 142.1 44.8
M 49.0 1.77 111.7 35.7
M 50.0 1.81 110.0 33.6
M 50.0 1.81 113.8 34.7
M 50.0 1.82 100.3 30.3
M 52.0 1.80 92.3 28.5
M 53.0 1.79 80.8 25.2
M 53.0 1.80 114.6 35.4
M 53.0 1.62 80.5 30.7
M 54.0 1.85 139.7 40.8
M 55.0 1.83 111.6 33.3
M 56.0 1.82 91.4 27.6
M 57.0 1.83 109.0 32.5
M 57.0 1.73 94.5 31.6
M 57.0 1.82 96.0 29.0
M 57.0 1.78 97.9 30.9
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BEEo
(kcal/d) TEE PALo PALCAT

1,721 2,701 1.57 LA
1,539 2,741 1.78 A
1,685 3,059 1.82 A
2,000 3,774 1.89 A
1,463 2,856 1.95 VA
1,814 3,549 1.96 VA
1,718 3,437 2.00 VA
1,807 4,044 2.24 VA
1,936 3,131 1.62 A
1,587 2,899 1.83 A
1,750 3,356 1.92 VA
1,816 3,635 2.00 VA
1,752 3,568 2.04 VA
1,802 3,870 2.15 VA
2,225 3,351 1.51 LA
2,127 3,291 1.55 LA
1,611 2,514 1.56 LA
1,678 2,930 1.75 A
1,907 3,413 1.79 A
2,180 4,460 2.05 VA
2,041 4,352 2.13 VA
2,079 4,804 2.31 VA
2,144 3,026 1.41 LA
2,474 4,520 1.83 A
1,804 3,322 1.84 A
1,702 3,425 2.01 VA
1,900 3,891 2.05 VA
1,585 3,351 2.11 VA
2,146 2,868 1.34 S
1,625 3,310 2.04 VA
2,345 4,610 1.97 VA
2,151 4,491 2.09 VA
1,977 3,248 1.64 A
1,960 3,317 1.69 A
1,871 4,500 2.40 VA
1,950 2,910 1.49 LA
1,580 2,820 1.79 A
2,050 4,303 2.10 VA
1,656 3,681 2.22 VA
2,275 4,496 1.98 VA
2,020 3,384 1.68 A
1,673 3,408 2.04 VA
1,864 2,868 1.54 LA
1,620 2,610 1.61 A
1,660 2,714 1.63 A
1,862 4,054 2.18 VA continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

M 57.0 1.76 99.4 32.1
M 59.0 1.76 86.6 28.0
M 60.0 1.60 75.3 29.4
M 60.0 1.77 78.5 25.1
M 61.0 1.73 78.5 26.2
M 61.0 1.78 119.8 37.8
M 61.0 1.76 89.0 28.7
M 62.0 1.77 87.4 27.9
M 62.0 1.66 74.8 27.1
M 63.0 1.69 83.5 29.2
M 63.0 1.80 94.2 29.1
M 63.0 1.72 98.2 33.2
M 64.0 1.72 78.8 26.6
M 64.0 1.70 80.3 27.8
M 65.0 1.76 83.0 26.8
M 65.0 1.80 109.7 33.9
M 65.0 1.62 74.2 28.3
M 65.0 1.63 70.1 26.4
M 66.0 1.64 88.6 32.9
M 66.0 1.64 108.3 40.3
M 67.0 1.69 72.4 25.3
M 67.0 1.78 105.2 33.2
M 67.0 1.67 89.5 32.1
M 68.0 1.78 88.9 28.1
M 68.0 1.70 78.1 27.0
M 68.0 1.76 88.1 28.4
M 68.0 1.72 74.2 25.1
M 68.0 1.70 90.0 31.1
M 69.0 1.85 102.6 30.0
M 69.0 1.84 98.2 29.0
M 69.0 1.91 101.2 27.7
M 69.0 1.69 76.4 26.8
M 70.0 1.80 92.9 28.7
M 70.0 1.79 83.0 25.9
M 70.0 1.70 80.1 27.7
M 70.0 1.69 86.7 30.3
M 70.0 1.72 95.4 32.2
M 70.0 1.76 87.6 28.3
M 70.0 1.63 76.7 28.8
M 70.0 1.80 82.8 25.5
M 70.0 1.76 85.8 27.7
M 70.0 1.77 80.0 25.5
M 70.0 1.83 97.6 29.1
M 71.0 1.68 77.7 27.5
M 71.0 1.80 94.8 29.2
M 71.0 1.78 86.6 27.3
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BEEo
(kcal/d) TEE PALo PALCAT

1,843 4,238 2.30 VA
1,849 3,360 1.82 A
1,570 2,796 1.78 A
1,541 3,517 2.28 VA
1,540 2,337 1.52 LA
2,055 3,456 1.68 A
1,618 2,725 1.68 A
1,520 2,782 1.83 A
1,410 3,258 2.31 VA
1,699 2,763 1.63 A
1,550 2,793 1.80 A
1,915 3,464 1.81 A
1,590 2,566 1.61 A
1,506 3,172 2.11 VA
1,640 1,898 1.16 S
2,100 3,049 1.45 LA
1,575 3,023 1.92 VA
1,467 2,868 1.95 VA
1,770 2,077 1.17 S
1,757 2,816 1.60 A
1,503 2,588 1.72 A
1,910 3,546 1.86 A
1,620 3,109 1.92 VA
1,891 2,694 1.42 LA
1,540 2,231 1.45 LA
1,663 2,622 1.58 LA
1,640 2,848 1.74 A
1,520 2,671 1.76 A
1,820 2,416 1.33 S
1,950 2,862 1.47 LA
1,977 3,305 1.67 A
1,483 3,293 2.22 VA
1,901 2,387 1.26 S
1,781 2,510 1.41 LA
1,879 2,658 1.41 LA
1,740 2,479 1.42 LA
1,510 2,176 1.44 LA
1,901 2,845 1.50 LA
1,441 2,294 1.59 LA
1,852 3,011 1.63 A
1,430 2,349 1.64 A
1,690 2,875 1.70 A
1,599 3,090 1.93 VA
1,680 2,139 1.27 S
1,647 2,335 1.42 LA
1,946 3,231 1.66 A continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

M 72.0 1.86 120.3 34.8
M 72.0 1.75 98.4 32.1
M 72.0 1.72 81.9 27.7
M 72.0 1.79 88.9 27.7
M 72.0 1.88 93.2 26.4
M 72.0 1.79 85.0 26.5
M 73.0 1.72 90.9 30.7
M 73.0 1.70 77.4 26.8
M 73.0 1.77 78.9 25.2
M 74.0 1.69 87.3 30.5
M 74.0 1.76 80.8 26.1
M 75.0 1.67 70.3 25.2
M 75.0 1.72 86.8 29.3
M 76.0 1.67 78.8 28.3
M 76.0 1.66 71.7 26.0
M 76.0 1.68 72.8 25.8
M 77.0 1.65 75.5 27.7
M 77.0 1.78 83.3 26.3
M 77.0 1.66 72.3 26.2
M 78.0 1.70 79.8 27.6
M 80.0 1.75 89.7 29.3
M 80.0 1.72 77.2 26.1
M 81.0 1.71 83.0 28.4
M 85.0 1.62 70.2 26.7
M 86.0 1.70 79.0 27.3
M 86.0 1.63 73.0 27.5
M 89.0 1.65 74.5 27.4
M 90.0 1.70 85.0 29.4
M 93.0 1.65 70.0 25.7
F 20.0 1.67 71.2 25.5
F 20.0 1.70 130.4 45.1
F 22.0 1.72 84.4 28.5
F 24.0 1.70 75.3 26.1
F 24.0 1.70 113.2 39.2
F 24.0 1.76 95.7 30.9
F 24.0 1.73 137.7 46.0
F 24.0 1.55 68.6 28.6
F 24.0 1.65 71.6 26.3
F 24.7 1.57 85.0 34.6
F 25.0 1.69 85.2 29.8
F 25.4 1.69 81.0 28.4
F 26.0 1.63 69.0 26.0
F 26.0 1.72 77.9 26.3
F 26.0 1.71 77.2 26.4
F 26.4 1.59 63.3 25.1
F 27.0 1.72 80.3 27.1
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BEEo
(kcal/d) TEE PALo PALCAT

1,710 2,284 1.34 S
1,800 2,785 1.55 LA
1,728 3,019 1.75 A
1,738 3,121 1.80 A
1,940 3,546 1.83 A
1,699 3,837 2.26 VA
2,588 3,004 1.16 S
1,570 1,979 1.26 S
1,356 2,640 1.95 VA
1,546 2,538 1.64 A
1,350 2,937 2.18 VA
1,551 2,008 1.29 S
1,922 3,114 1.62 A
2,046 2,314 1.13 S
1,704 2,531 1.49 LA
1,300 2,002 1.54 LA
1,611 2,242 1.39 S
1,948 2,732 1.40 LA
1,298 2,032 1.57 LA
1,858 2,157 1.16 S
1,824 2,923 1.60 A
1,540 2,661 1.73 A
1,512 2,219 1.47 LA
1,400 2,055 1.47 LA
1,618 1,962 1.21 S
1,518 2,153 1.42 LA
1,499 2,084 1.39 S
1,575 1,895 1.20 S
1,324 1,831 1.38 S
1,508 2,584 1.71 A
1,864 3,298 1.77 A
1,601 2,904 1.81 A
1,709 2,327 1.36 S
1,977 3,002 1.52 LA
1,785 3,083 1.73 A
1,993 3,458 1.74 A
1,243 2,438 1.96 VA
1,346 2,962 2.20 VA
1,485 2,940 1.98 VA
1,530 2,653 1.73 A
1,673 2,851 1.70 A
1,385 2,135 1.54 LA
1,546 2,658 1.72 A
1,637 3,019 1.84 A
1,292 2,569 1.99 VA
1,728 2,588 1.50 LA continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

F 27.0 1.64 85.4 31.8
F 27.0 1.63 68.5 25.8
F 27.0 1.64 75.3 28.0
F 27.0 1.73 93.5 31.3
F 27.1 1.73 86.5 28.9
F 27.5 1.57 64.3 26.0
F 27.7 1.56 67.5 27.9
F 27.8 1.70 100.2 34.5
F 28.2 1.61 80.6 31.1
F 28.7 1.74 76.5 25.3
F 29.0 1.64 86.1 32.0
F 29.0 1.59 64.9 25.7
F 29.0 1.62 86.6 33.0
F 29.1 1.74 82.0 27.2
F 29.5 1.57 79.4 32.4
F 30.0 1.74 86.3 28.4
F 30.1 1.58 71.8 28.6
F 30.2 1.60 76.9 30.1
F 30.9 1.55 63.1 26.2
F 30.9 1.68 82.5 29.3
F 31.0 1.55 62.9 26.2
F 31.0 1.68 94.5 33.5
F 31.0 1.60 74.8 29.2
F 31.2 1.70 73.1 25.2
F 31.3 1.66 86.4 31.5
F 31.8 1.70 102.2 35.4
F 32.0 1.60 74.9 29.3
F 32.0 1.60 73.8 28.8
F 32.0 1.64 70.3 26.1
F 32.0 1.63 116.9 44.0
F 32.0 1.67 74.1 26.6
F 32.6 1.65 102.5 37.8
F 33.0 1.61 74.2 28.6
F 33.0 1.65 83.6 30.7
F 33.0 1.73 78.2 26.2
F 33.5 1.65 72.8 26.8
F 34.0 1.69 79.6 27.9
F 34.0 1.66 79.8 29.0
F 34.0 1.69 75.7 26.5
F 34.0 1.70 77.5 26.8
F 35.0 1.67 120.1 43.1
F 35.0 1.68 97.5 34.5
F 35.0 1.65 90.3 33.2
F 35.1 1.68 97.8 34.6
F 35.2 1.62 74.8 28.4
F 35.3 1.63 72.8 27.4
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BEEo
(kcal/d) TEE PALo PALCAT

1,685 2,703 1.60 A
1,300 2,165 1.67 A
1,288 2,739 2.13 VA
1,857 2,754 1.48 LA
1,465 2,569 1.75 A
1,261 2,326 1.84 A
1,271 1,613 1.27 S
1,379 3,080 2.23 VA
1,474 2,749 1.87 A
1,297 2,497 1.92 VA
1,601 2,526 1.58 LA
1,396 2,412 1.73 A
1,721 3,609 2.10 VA
1,501 2,882 1.92 VA
1,315 2,452 1.86 A
1,574 3,009 1.91 VA
1,402 2,811 2.00 VA
1,390 2,699 1.94 VA
1,386 2,298 1.66 A
1,525 1,694 1.11 S
1,410 2,065 1.46 LA
1,721 3,035 1.76 A
1,360 2,952 2.17 VA
1,653 3,072 1.86 A
1,569 2,967 1.89 A
1,843 3,230 1.75 A
1,599 2,365 1.48 LA
1,615 2,576 1.60 LA
1,350 2,306 1.71 A
1,900 3,384 1.78 A
1,692 3,411 2.02 VA
1,731 3,317 1.92 VA
1,348 2,490 1.85 A
1,793 3,317 1.85 A
1,444 2,996 2.08 VA
1,546 2,628 1.70 A
1,582 2,684 1.70 A
1,556 3,033 1.95 VA
1,427 2,865 2.01 VA
1,352 2,894 2.14 VA
2,302 3,031 1.32 S
1,759 2,911 1.65 A
1,635 2,964 1.81 A
1,446 2,675 1.85 A
1,558 2,980 1.91 VA
1,548 2,793 1.80 A continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

F 35.8 1.69 72.0 25.3
F 36.0 1.71 96.6 33.0
F 37.0 1.69 84.0 29.4
F 37.0 1.62 86.6 33.0
F 37.0 1.62 94.8 36.1
F 37.0 1.70 77.6 26.9
F 38.0 1.70 113.9 39.4
F 38.0 1.64 90.4 33.6
F 39.0 1.59 79.7 31.5
F 39.0 1.65 94.0 34.5
F 39.3 1.60 76.4 29.9
F 40.0 1.67 80.3 28.8
F 40.0 1.63 140.6 52.9
F 41.0 1.72 98.6 33.3
F 41.0 1.80 103.5 31.9
F 42.0 1.72 163.5 55.3
F 42.0 1.63 70.1 26.4
F 43.0 1.60 85.6 33.4
F 44.0 1.67 80.8 29.0
F 44.0 1.80 105.5 32.6
F 44.0 1.70 84.0 29.1
F 45.0 1.70 89.9 31.1
F 47.0 1.54 72.6 30.6
F 48.0 1.76 97.3 31.4
F 49.0 1.63 83.9 31.6
F 52.0 1.68 71.4 25.3
F 53.0 1.70 84.4 29.2
F 53.0 1.65 73.9 27.1
F 54.0 1.57 101.6 41.2
F 54.0 1.64 93.8 34.9
F 54.0 1.63 135.2 50.9
F 55.0 1.67 111.6 40.0
F 55.0 1.59 76.0 30.1
F 55.0 1.54 62.0 26.0
F 55.0 1.72 88.5 29.9
F 55.0 1.69 81.4 28.5
F 56.0 1.71 92.5 31.6
F 56.0 1.66 73.3 26.6
F 56.0 1.64 68.9 25.4
F 56.0 1.62 114.0 43.4
F 56.0 1.57 76.8 31.1
F 56.0 1.68 88.0 31.0
F 56.0 1.57 68.2 27.6
F 56.0 1.68 71.2 25.2
F 56.0 1.71 73.8 25.2
F 57.0 1.50 56.5 25.1
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BEEo
(kcal/d) TEE PALo PALCAT

1,454 2,635 1.81 A
1,702 2,674 1.57 LA
1,630 2,507 1.54 LA
1,611 2,734 1.70 A
1,642 3,121 1.90 VA
1,267 2,746 2.17 VA
1,697 2,813 1.66 A
1,683 3,172 1.88 A
1,730 2,357 1.36 S
1,900 2,887 1.52 LA
1,291 2,607 2.02 VA
1,494 2,514 1.68 A
1,764 3,112 1.76 A
1,867 2,947 1.58 LA
1,745 3,466 1.99 VA
2,576 4,391 1.70 A
1,315 2,701 2.05 VA
1,793 3,578 2.00 VA
1,508 2,550 1.69 A
1,879 3,466 1.84 A
1,484 3,105 2.09 VA
1,745 2,486 1.42 LA
1,362 2,495 1.83 A
1,659 2,978 1.80 A
1,554 2,665 1.72 A
1,221 1,979 1.62 A
1,319 2,125 1.61 A
1,276 2,311 1.81 A
1,480 2,160 1.46 LA
1,480 2,599 1.76 A
1,695 3,028 1.79 A
1,520 2,039 1.34 S
1,200 2,007 1.67 A
1,416 2,432 1.72 A
1,522 2,689 1.77 A
1,507 3,255 2.16 VA
1,650 2,307 1.40 S
1,424 2,002 1.41 LA
1,475 2,479 1.68 A
1,510 2,555 1.69 A
1,414 2,421 1.71 A
1,439 2,489 1.73 A
1,307 2,419 1.85 A
1,353 2,565 1.90 A
1,180 2,706 2.29 VA
1,207 1,471 1.22 S continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

F 57.0 1.58 72.0 28.8
F 57.0 1.68 74.5 26.5
F 57.0 1.58 74.1 29.7
F 57.0 1.63 68.5 25.8
F 58.0 1.71 86.8 29.7
F 58.0 1.58 75.7 30.3
F 59.0 1.70 106.8 37.0
F 59.0 1.50 94.0 41.8
F 60.0 1.54 63.8 26.9
F 60.0 1.66 99.1 36.0
F 60.0 1.79 83.5 26.1
F 60.0 1.70 73.2 25.3
F 60.0 1.72 93.3 31.5
F 60.0 1.55 60.1 25.0
F 61.0 1.69 86.5 30.3
F 61.0 1.48 99.4 45.4
F 61.0 1.67 97.4 34.9
F 61.0 1.62 69.0 26.3
F 62.0 1.56 75.8 31.1
F 62.0 1.60 103.4 40.4
F 62.0 1.62 81.6 31.1
F 62.0 1.64 73.4 27.3
F 62.0 1.62 70.3 26.6
F 63.0 1.50 74.4 33.1
F 63.0 1.62 73.0 27.8
F 63.0 1.66 87.7 31.8
F 63.0 1.64 80.6 30.0
F 63.0 1.62 112.0 42.7
F 64.0 1.57 83.2 33.8
F 64.0 1.59 69.3 27.4
F 64.0 1.64 69.2 25.7
F 64.0 1.59 79.2 31.3
F 64.0 1.71 74.4 25.4
F 64.0 1.50 60.4 26.7
F 64.0 1.64 78.3 29.1
F 64.0 1.61 72.0 27.8
F 65.0 1.68 120.6 42.7
F 65.0 1.63 80.1 30.1
F 65.0 1.57 73.5 29.8
F 65.0 1.56 74.8 30.7
F 65.0 1.52 61.1 26.4
F 65.0 1.55 63.8 26.5
F 65.0 1.52 62.1 26.7
F 66.0 1.66 73.5 26.7
F 66.0 1.57 62.8 25.5
F 67.0 1.60 74.7 29.2
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BEEo
(kcal/d) TEE PALo PALCAT

1,390 1,698 1.22 S
1,266 2,106 1.66 A
1,209 2,221 1.84 A
1,138 2,315 2.03 VA
1,860 2,314 1.24 S
1,348 2,143 1.59 LA
1,540 2,536 1.65 A
1,520 2,751 1.81 A
1,123 1,276 1.14 S
1,670 2,198 1.32 S
1,351 2,108 1.56 LA
1,382 2,243 1.62 A
1,526 2,717 1.78 A
1,080 1,958 1.81 A
1,640 2,114 1.29 S
1,370 1,904 1.39 S
1,500 2,166 1.44 LA
1,090 1,716 1.57 LA
1,510 1,619 1.07 S
1,440 2,034 1.41 LA
1,370 2,399 1.75 A
1,135 2,057 1.81 A
1,305 2,537 1.94 VA
1,550 1,794 1.16 S
1,270 1,766 1.39 S
1,594 2,290 1.44 LA
1,439 2,218 1.54 LA
1,610 2,510 1.56 LA
1,740 2,106 1.21 S
1,252 1,644 1.31 S
1,301 1,934 1.49 LA
1,370 2,058 1.50 LA
1,360 2,224 1.64 A
1,089 1,830 1.68 A
1,341 2,302 1.72 A
1,296 2,354 1.82 A
1,840 2,066 1.12 S
1,339 1,634 1.22 S
1,210 1,667 1.38 S
1,235 1,791 1.45 LA
1,132 1,716 1.52 LA
1,304 2,036 1.56 LA
1,194 1,976 1.66 A
1,367 2,079 1.52 LA
1,245 1,991 1.60 LA
1,397 2,190 1.57 LA continued
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TABLE I-7 Continued

Age Height Weight
Sex (y) (m) (kg) BMI

F 67.0 1.62 80.5 30.7
F 67.0 1.55 65.7 27.3
F 68.0 1.65 81.8 30.0
F 68.0 1.61 66.6 25.7
F 68.0 1.63 79.0 29.7
F 69.0 1.64 79.5 29.6
F 69.0 1.64 81.4 30.3
F 69.0 1.58 71.0 28.4
F 70.0 1.66 76.2 27.7
F 70.0 1.46 53.4 25.1
F 70.0 1.67 79.2 28.4
F 70.0 1.58 74.8 30.0
F 71.0 1.55 66.5 27.7
F 71.0 1.65 85.5 31.4
F 72.0 1.55 73.6 30.6
F 73.0 1.50 58.8 26.1
F 73.0 1.63 68.5 25.8
F 74.0 1.60 64.4 25.2
F 75.0 1.57 63.4 25.7
F 76.0 1.60 68.0 26.6
F 76.0 1.64 67.8 25.2
F 76.0 1.57 76.5 31.0
F 77.0 1.62 68.1 25.9
F 78.0 1.59 66.4 26.3
F 78.0 1.49 65.4 29.4
F 79.0 1.56 78.6 32.3
F 79.0 1.46 60.8 28.5
F 80.0 1.62 68.7 26.2
F 81.0 1.53 62.1 26.5
F 84.0 1.43 52.5 25.7
F 86.0 1.58 66.0 26.4
F 88.0 1.54 63.5 26.8
F 89.0 1.55 64.2 26.7
F 91.0 1.76 79.6 25.8
F 93.0 1.61 70.0 27.0
F 94.0 1.63 74.0 27.9
F 95.0 1.50 72.3 32.1
F 95.0 1.52 63.0 27.3
F 95.0 1.67 80.0 28.7
F 96.0 1.72 85.0 28.7

NOTE: BEEo = basal energy expenditure (BEE) as observed in the study, TEE = total
energy expenditure, PALo = physical activity level (PAL) as observed in the study,
PALCAT = PAL category (S = sedentary, LA = low active, A = active, VA = very active),
M = male, F = female.
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BEEo
(kcal/d) TEE PALo PALCAT

1,522 2,412 1.58 LA
1,319 2,141 1.62 A
1,426 2,224 1.56 LA
1,145 2,237 1.95 VA
1,253 2,543 2.03 VA
1,845 2,138 1.16 S
1,270 1,610 1.27 S
1,465 2,282 1.56 LA
1,300 1,838 1.41 LA
1,051 1,756 1.67 A
1,250 2,295 1.84 A
1,331 3,091 2.32 VA
1,274 1,403 1.10 S
1,410 2,217 1.57 LA
1,230 1,966 1.60 LA
1,221 1,547 1.27 S
1,250 1,699 1.36 S
1,195 1,918 1.60 A
1,230 2,105 1.71 A
1,331 1,709 1.28 S
1,180 1,557 1.32 S
1,170 1,889 1.61 A
1,362 2,285 1.68 A
1,235 1,537 1.24 S
1,181 1,556 1.32 S
1,120 1,554 1.39 S
1,120 1,579 1.41 LA
1,140 2,403 2.11 VA
1,440 1,846 1.28 S

910 1,017 1.12 S
1,434 1,929 1.34 S
1,152 1,809 1.57 LA
1,319 1,484 1.12 S
1,432 2,180 1.52 LA
1,350 1,463 1.08 S
1,439 2,055 1.43 LA
1,403 1,477 1.05 S
1,269 1,946 1.53 LA
1,083 1,671 1.54 LA
1,348 1,568 1.16 S
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TABLE I-8  Coefficients and Standard Errors (SE) for the
Prediction of Total Energy Expenditure (TEE) in Normal-
Weight Children 3 Through 18 Years of Age with Body Mass
Index ≥ 3rd and < 85th Percentile

Males Females

TEE Fits Coefficient SE (asym) Coefficient SE (asym)

A:Constant 88.5 110.8 135.3 82.8
B:Age coefficient –61.9 7.0 –30.8 5.4
C2 1.13 0.01 1.16 0.02
C3 1.26 0.02 1.31 0.03
C4 1.42 0.03 1.56 0.04
D:Weight coefficient 26.7 1.75 10.0 1.16
E:Height coefficient 903 124.8 934 91.1

Number 167 358
SE fit 82.8 96.7
R squared 0.98 0.95

TABLE I-9 Coefficients and Standard Errors (SE) for the
Prediction of Total Energy Expenditure (TEE) in Normal-
Weight Men and Women 19 Years of Age and Older with Body
Mass Index ≥ 18.5 and < 25 kg/m2

Males Females

TEE Fits Coefficient SE (asym) Coefficient SE (asym)

A:Constant 661.8 722.7 354.1 451.0
B:Age coefficient –9.53 1.24 –6.91 0.91
C2 1.11 0.06 1.12 0.05
C3 1.25 0.10 1.27 0.08
C4 1.48 0.17 1.45 0.12
D:Weight coefficient 15.91 3.50 9.36 2.53
E:Height coefficient 539.6 439.2 726 298

Number 169 238
SE fit 284.5 231.6
R squared 0.75 0.74
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TABLE I-10 Coefficients and Standard Errors (SE) for the
Prediction of Total Energy Expenditure (TEE) in Overweight/
Obese Men and Women 19 Years of Age and Older with Body
Mass Index ≥ 25 kg/m2

Males Females

TEE Fits Coefficient SE (asym) Coefficient SE (asym)

A:Constant 1,085.6 666.7 447.6 433.8
B:Age coefficient –10.08 1.68 –7.95 1.03
C2 1.12 0.06 1.16 0.05
C3 1.29 0.10 1.27 0.07
C4 1.59 0.19 1.44 0.11
D:Weight coefficient 13.7 1.30 11.4 0.98
E:Height coefficient 416 324 619 249

Number 165 195
SE fit 296.6 228.2
R squared 0.84 0.83

TABLE I-11 Coefficients and Standard Errors (SE) for the
Prediction of Total Energy Expenditure (TEE) in Normal and
Overweight/Obese Men and Women 19 Years of Age and
Older with Body Mass Index ≥ 18.5 kg/m2

Males Females

TEE Fits Coefficient SE (asym) Coefficient SE (asym)

A:Constant 864.1 445.3 386.5 297.5
B:Age coefficient –9.72 0.96 –7.31 0.66
C2 1.12 0.04 1.14 0.03
C3 1.27 0.07 1.27 0.05
C4 1.54 0.11 1.45 0.08
D:Weight coefficient 14.2 0.92 10.9 0.65
E:Height coefficient 503.0 220.8 660.7 166.4

Number 334 433
SE fit 288.0 229.1
R squared 0.82 0.79
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TABLE I-12 Coefficients and Standard Errors (SE) for the
Prediction of Total Energy Expenditure (TEE) in Overweight/
Obese Boys and Girls 3 Through 18 Years of Age with Body
Mass Index ≥ 85th Percentile

Males Females

TEE Fits Coefficient SE (asym) Coefficient SE (asym)

A:Constant 59.9 173.9 464.0 115.3
B:Age coefficient –84.9 12.1 –43.4 7.42
C2 1.12 0.02 1.18 0.02
C3 1.21 0.03 1.35 0.04
C4 1.52 0.06 1.63 0.07
D:Weight coefficient 21.6 1.27 15.0 0.92
E:Height coefficient 1,153 194.6 679.8 120.0

Number 127 192
SE fit 99.0 107.1
R squared 0.96 0.96

TABLE I-13  Coefficients and Standard Errors (SE) for the
Prediction of Total Energy Expenditure (TEE) in Normal and
Overweight/Obese Children 3 Through 18 Years of Age with
Body Mass Index ≥ 3rd Percentile

Males Females

TEE Fits Coefficient SE (asym) Coefficient SE (asym)

A:Constant –114.1 98.2 389.2 62.9
B:Age coefficient –50.9 5.61 –41.2 3.64
C2 1.12 0.01 1.18 0.01
C3 1.24 0.02 1.35 0.02
C4 1.45 0.03 1.60 0.04
D:Weight coefficient 19.5 0.74 15.0 0.44
E:Height coefficient 1,161.4 111.8 701.6 67.3

Number 127 192
Number 294 549
SE fit 95.2 100.7
R squared 0.97 0.96
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TABLE J-1 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Children 4 Through
8 Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 244 608 827 711

Calcium, mg 977 1,042 985 908
Standard error 31 23 15 16
Comparison abcdec abc abc ade
Percent > AI (800 mg/d) 69 95 85 78

Magnesium, mg 241 257 237 222
Standard error 6.3 5.2 5.2 3.4
Comparison abcde abc abcde acde
Percent < EAR (110 mg/d) 0 0 0 0

Vitamin A, RAE 684 722 715 778
Standard error 32 19 13 26
Comparison abcdef abcde abcde abcd
Percent < EAR (275 µg/d) 0.4 0 0.9 0.1

Vitamin E, mg α-tocopherold 4.6 5.9 5.3 5.5
Standard error 0.2 0.2 0.1 0.1
Comparison aefg bcd bcde bcde
Percent < EAR (6 mg/d) 76 53 68 65

Iron, mg 12.7 14.4 13.4 12.8
Standard error 0.4 0.3 0.2 0.2
Comparison acdef bc abcde acde
Percent < EAR (4.1 mg/d) 0 0 0 0

Zinc, mg 9.1 10.3 9.0 8.8
Standard error 0.2 0.2 0.2 0.2
Comparison acde b acde acde
Percent < EAR (4 mg/d) 0 0 0 0

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

504 297 130 127

899 771 703 NAb

22 32 43 NA
ade fg fg
77 41 25 NA

219 197 188 NA
3.7 5.8 9.7 NA

acdeg fg efg
0 0 0 NA

668 568 504 NA
19 38 40 NA

abcef aefg fg
7.1 0.7 3.6 NA

5.2 4.7 4.0 NA
0.1 0.1 0.3 NA

acdef aefg afg
77 95 99 NA

12.6 11.6 10.0 NA
0.2 0.3 0.6 NA

acdef aefg fg
0 0 0 NA

8.7 7.9 6.8 NA
0.2 0.2 0.4 NA

acde fg fg
0 0 0.4 NA

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-2 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Boys 9 Through
13 Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 81 171 278 236

Calcium, mg 1,301 1,177 1,155 1,045
Standard error 43 48 37 32
Comparison abcb abcde abcde bcdeg
Percent > AI (1,300 mg/d) 50 27 23 15

Magnesium, mg 301 297 305 264
Standard error 9.9 5.1 8.7 6.3
Comparison abceh abceh abceh deh
Percent < EAR (200 mg/d) 8.0 0 0.2 15.4

Vitamin A, RAE 808 757 764 730
Standard error 49 39 38 35
Comparison abcdefgh abcdefgh abcdefgh abcdefgh
Percent < EAR (445 µg/d) 9.6 3.1 3.2 14.6

Vitamin E, mg α-tocopherolc 5.9 6.8 7.7 6.7
Standard error 0.4 0.3 0.3 0.2
Comparison abdefgh abcdefg bcdeg abcdefg
Percent < EAR (9 mg/d) 81 94 64 96

Iron, mg 16.1 17.0 17.3 15.7
Standard error 0.7 0.6 0.5 0.4
Comparison abcdegh abcdegh abcdegh abcdegh
Percent < EAR (5.9 mg/d) 0.2 0 0 0

Zinc, mg 12.5 12.6 12.6 11.1
Standard error 0.4 0.6 0.4 0.3
Comparison abcde abcde abce abdef
Percent < EAR (7 mg/d) 2.1 0.03 1.4 0

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

195 127 64 67

1,138 826 951 769
29 28 43 57

bcde fgh dfgh fgh
22 6.9 8.7 0

281 226 219 247
7.2 6.4 10.2 16.7

abcdeh fgh fgh abcdefgh
11.1 24.1 31 3.9

813 611 710 659
44 44 54 53

abcdegh abcdfgh abcdefgh abcdefgh
8.3 16.3 4.6 4.0

7.3 5.9 5.9 4.8
0.4 0.4 0.5 0.3

abcdefg abdefgh abcdefgh afgh
80 95 99 99.7

15.9 12.7 13.6 14.2
0.5 0.4 1.2 0.9

abcdegh fgh abcdefgh abcdefgh
0 0.7 0 0

12.5 9.8 8.0
0.4 0.3 0.4

abcde df g
0 12.9 24

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-3 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Boys 14 Through
18 Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 54 112 153 191

Calcium, mg 1,236 1,162 1,213 1,195
Standard error 100 71 53 45
Comparison abcdefc abcdef abcdef abcdef
Percent > AI (1,300 mg/d) 43 41 42 42

Magnesium, mg 328 365 323 314
Standard error 16 15 13 10.3
Comparison abcdefg abcdeg abcdefg abcdefg
Percent < EAR (340 mg/d) 66 31 58 60

Vitamin A, RAE 676 706 737 903
Standard error 50 49 41 53
Comparison abcefg abcdefg abcdefg bcde
Percent < EAR (630 µg/d) 39 42 34 4.5

Vitamin E, mg α-tocopherold 7.2 10.2 7.5 13.2
Standard error 0.4 0.7 0.3 1.7
Comparison acefg bde acefg bde
Percent < EAR (12 mg/d) 99 100 86 45

Iron, mg 16.6 18.9 19.0 23.4
Standard error 0.8 0.9 0.7 1.4
Comparison abdefg abcdefg abcdef bcdef
Percent < EAR (7.7 mg/d) 0 0.3 0 0

Zinc, mg 14.2 15.4 15.0 18.9
Standard error 0.7 0.8 0.6 1.4
Comparison abcdef abcdef abcd abcdef
Percent < EAR (8.5 mg/d) 1.5 0.4 0.7 2.7

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

165 101 66 66

1,167 955 747 NAb

42 70 49 NA
abcdef abcdefg fg

29 17 4.2 NA

326 286 335 NA
10.5 18.3 49 NA

abcdefg acdefg abcdefg
55 75 51 NA

770 615 546 NA
52 45 48 NA

abcdef abcefg abcfg
33 52 70 NA

8.5 7.1 7.0 NA
0.3 0.4 0.4 NA

abcdef acefg acfg
93 91 99 NA

19.7 17.5 15.6 NA
0.7 2.0 0.8 NA

abcdef abcdefg abfg
0 0.2 0.3 NA

15.1 12.3 12.9 NA
0.6 1.8 0.9 NA

abdef abdef abcefg
2.5 17.2 6.1 NA

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-4 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Men 19 Through
50 Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 656 814 915 810

Calcium, mg 909 1,040 1,115 964
Standard error 19 21 22 19
Comparison adefgb bcd bc abdef
Percent > AI (1,000 mg/d) 40 54 68 46

Magnesium, mg (19–30 y) 384 436 373 370
Standard error 10 11 7 8
Comparison acd b acd acd
Percent < EAR (330 mg/d) 2.7 8.5 33 17

Magnesium, mg (31–50 y) 370 401 400 339
Standard error 7 7 8 7
Comparison abc abc abc defg
Percent < EAR (350 mg/d) 42 29 11 57

Vitamin A, RAE 737 694 953 764
Standard error 31 19 27 22
Comparison abdef abdef c abdef
Percent < EAR (625 µg/d) 32 44 23 30

Vitamin E, mg α-tocopherolc 7.8 10.3 9.5 9.8
Standard error 0.2 0.2 0.2 0.2
Comparison aefg bcd bce bcd
Percent < EAR (12 mg/d) 86 80 85.2 91

Iron, mg 16.9 19.5 20 18.7
Standard error 0.3 0.4 0.3 0.3
Comparison aef bcd bcd bcd
Percent < EAR (6 mg/d) 0.2 0 0 0
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

565 312 190 173

917 912 798 624
21 30 37 27

adefg adefg aefg h
36 15 31 2.7

304 287 265 217
7 12 12 9

efg efg efgh gh
63 72 76 91

321 321 308 236
7 9 14 17

defg defg defg h
62 68 71 82

725 682 409 360
26 40 26 27

abdef abdef gh gh
35 43 73 85

8.5 7.5 7.2 5.2
0.2 0.2 0.3 0.4

ae afg afg h
92 98 100 99

17.1 16.0 14.1 11.5
0.3 0.5 0.5 0.6

aef aefg fg h
0 <0.05 2.6 3.1

continued
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TABLE J-4 Continued

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

Zinc, mg 15 16.3 16.2 14.9
Standard error 0.3 0.3 0.3 0.3
Comparison abcd abc abc ad
Percent < EAR (9.4 mg/d) 5.9 0 0 4.2

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

13.6 12.6 11.2 9.1
0.3 0.3 0.4 0.4

ef efg fg h
07 0 26 48

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-5 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Men 51 Years of Age
and Older

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 707 736 694 476

Calcium, mg 768 835 821 790
Standard error 19 18 18 19
Comparison abcdefb abcde abcde abcdef
Percent > AI (1,200 mg/d) 18 15 13 13

Magnesium, mg 336 339 327 303
Standard error 6 5 5 6
Comparison abce abc abcde cde
Percent < EAR (350 mg/d) 54 54.2 61 65

Vitamin A, RAE 698 811 879 842
Standard error 24 23 28 28
Comparison aefg bcdefg bcdef bcdefg
Percent < EAR (625 µg/d) 43 29 20 28

Vitamin E, mg α-tocopherolc 7.2 7.2 8.5 7.6
Standard error 0.2 0.2 0.2 0.2
Comparison abdef abdef cde abcdef
Percent < EAR (12 mg/d) 90 85 95 97

Iron, mg 15.1 16.9 17.1 17.8
Standard error 0.3 0.3 0.4 0.5
Comparison aefg bcdef bcdef bcdf
Percent < EAR (6 mg/d) 1.8 0 0 0

Zinc, mg 12.3 12.3 12.9 11.7
Standard error 0.3 0.3 0.3 0.3
Comparison abcdefg abcdefg abcdfg abcdefg
Percent < EAR (9.4 mg/d) 24 17 11 25

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

282 151 87 64

773 672 585 600
29 38 37 45

abcdef abdefgh fgh fgh
14 11 4.4 0

306 246 240 237
9 9 11 17

acde fgh fgh fgh
65 82 93 97

748 693 624 424
37 53 69 60

abcdefg abcdefg abdefgh gh
37 35 50 81

7.9 6.5 5.6 4.0
0.3 0.4 0.4 0.3

abcdef abdefg fg h
82 90 96 100

15.5 15.2 13.3 10.8
0.5 0.7 0.8 0.7

abcefg abcdefg aefgh gh
0.3 0.6 0.5 0

11.1 12.7 18.9 8.3
0.4 0.7 3.0 0.6

abdefg abcdefg abcdefg h
27 0.7 14.5 58

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-6 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Girls 9 Through 13
Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 75 167 247 259

Calcium, mg 884 1,063 944 883
Standard error 183 35 28 27
Comparisons abcdefghb abc abcd acde
Percent > AI (1,300 mg/d) 16 15 4.2 7.9

Magnesium, mg 255 280 235 230
Standard error 9 7 6 7
Comparison abcdg ab acdg acdeg
Percent < EAR (200 mg/d) 16 0 17 30

Vitamin A, RAE 650 729 741 741
Standard error 207 57 34 34
Comparison abcdefgh abcdeg abcdeg abcdeg
Percent < EAR (420 µg/d) 16 6.4 3.5 2.7

Vitamin E, mg α-tocopherolc 5.4 5.9 5.8 6.2
Standard error 0.3 0.3 0.2 0.3
Comparison abcdefg abcdeg abcdeg abcdeg
Percent < EAR (9 mg/d) 97 80 97 89

Iron, mg 15.7 15.8 13.5 13.2
Standard error 6.1 0.6 0.5 0.5
Comparison abcdefgh abg acdeg acdeg
Percent < EAR (5.7 mg/d) 1.9 0 0 0.2

Zinc, mg 10.7 10.5 9.3 9.8
Standard error 0.4 0.3 0.3 0.4
Comparison abcdg abcdg abcdeg abcdeg
Percent < EAR (7 mg/d) 12 5.7 17 14

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

210 124 70 64

785 614 720 479
29 24 23 26

adeg af aeg ah
1.5 0.2 2.4 0

208 180 221 133
6 4 11 8

deg f acdeg h
44 73 35 90

606 413 553 406
32 26 57 69

abcdegh afgh abcdefgh aefgh
18 51 19 52

5.5 4.6 5.7 3.3
0.3 0.2 0.3 0.3

abcdefg aefg abcdefg h
95 99 87 97

12.3 10.5 12.8 8.2
0.5 0.3 0.8 0.5

acdeg afg abcdefg ah
0.2 0 0.2 10.5

8.4 7.3 10.6 5.1
0.3 0.3 1.0 0.4

cdefg efg abcdefg h
23 43 4.5 77

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-7 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Girls 14 Through
18 Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 57 122 147 196

Calcium, mg 689 929 938 807
Standard error 72 60 38 29
Comparison abcdefgb abcd abcd abcde
Percent > AI (1,300 mg/d) 4.5 28 11 0.7

Magnesium, mg 350 264 261 221
Standard error 57 11 9 6
Comparison abcdef abce abce ade
Percent < EAR (300 mg/d) 34 65 77 85

Vitamin A, RAE 407 613 688 642
Standard error 42 41 38 41
Comparison aefg bcdg bcd bcdg
Percent < EAR (485 µ/d) 76 31 22 18

Vitamin E, mg α-tocopherolc 6.0 8.5 6.5 9.8
Standard error 0.6 0.5 0.3 1.0
Comparison acefg bd acdefg bcde
Percent < EAR (12 mg/d) 99 100 100 69

Iron, mg 12.7 12.5 14.2 13.9
Standard error 0.9 0.4 0.6 0.5
Comparison abcdef abcde abcde abcde
Percent < EAR (7.9 mg/d) 6.9 15 0.7 0.2

Zinc, mg 8.3 9.8 10.8 9.8
Standard error 0.5 0.4 0.4 0.4
Comparison abdefg abcdef bcde abcdef
Percent < EAR (3.0 mg/d) 39 33 16 27

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

141 119 73 94

719 647 598 434
28 37 34 30

adefg aefg aefg h
0 0 2.4 0.8

228 183 168 129
7 8 8 7

abcde afg fg h
85 100 100 98

404 369 429 242
28 23 61 24

aefg aefg abdefgh gh
73 71 65 98

6.7 5.2 5.1 3.5
0.3 0.2 0.3 0.2

acde acfg acfg h
97 100 98 100

12.3 10.5 8.9 6.9
0.5 0.4 0.6 0.4

abcdef aefg fgh gh
3.0 9.8 28 67

9.8 8.3 6.7 4.9
0.4 0.4 0.4 0.3

abcdef abdefg afg h
14.5 39 88 86

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-8 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Women 19 Through
50 Years of Age

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 634 762 937 825

Calcium, mg 623 753 764 732
Standard error 16 15 15 14
Comparison aefb bcd bcd bcd
Percent > AI (1,000 mg/d) 14 22 17 9.1

Magnesium, mg (19–30 y) 231 254 254 260
Standard error 7 6 6 7
Comparison abcdef abcde abcde abcd
Percent < EAR (255 mg/d) 65 50 51 48

Magnesium, mg (31–50 y) 265 287 277 263
Standard error 6 5 5 5
Comparison abcd abc abcd acd
Percent < EAR (265 mg/d) 50 36 41 52

Vitamin A, RAE 542 665 675 543
Standard error 20 21 18 15
Comparison adef bc bc adef
Percent < EAR (500 µg/d) 43 28 11 39

Vitamin E, mg α-tocopherolc 6.6 6.8 7.4 7.0
Standard error 0.2 0.2 0.2 0.2
Comparison abcd abcd abcd abcd
Percent < EAR (12 mg/d) 100 94 90 94

Iron, mg 12.3 13.9 13.2 13.1
Standard error 0.3 0.3 0.2 0.2
Comparison acdef bcd abcd abcd
Percent < EAR (8.1 mg/d) 5.7 0.7 3.4 0
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

648 455 253 326

650 607 542 404
15 17 19 17

aef aefg fg h
6.6 9.3 3.5 0.3

229 210 184 156
6 6 7 8

abcef aefg fgh gh
78 84 83 99

226 212 180 145
5 6 7 6

ef ef g h
86 84 94 100

480 491 395 294
16 21 24 19

adefg adefg efg h
55 51 71 86

5.5 5.3 4.8 3.6
0.1 0.2 0.2 0.2

efg efg efg h
99 97 99 100

11.6 11.3 10.0 7.4
0.2 0.2 0.3 0.2

aef aefg fg h
9.5 11.5 29 63

continued
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TABLE J-8 Continued

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

Zinc, mg 9.5 10.4 10.1 10.0
Standard error 0.2 0.2 0.2 0.2
Comparison abcde abcd abcd abcd
Percent < EAR (6.8 mg/d) 8 2.2 10 10

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

8.8 8.4 7.4 5.5
0.2 0.2 0.2 0.2

aef ef g h
13 29 42 77

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE J-9 Median Nutrient Intakes by Range of Percent of
Daily Energy Intake from Added Sugars, Women 51 Years of
Age and Older

Percent of Energy from Added Sugars

0 ≤  x ≤ 5 < x ≤ 10 < x ≤ 15 < x ≤
Nutrienta 5% 10% 15% 20%

n 786 851 707 496

Calcium, mg 567 639 677 623
Standard error 13 13 14 15
Comparison adefb bcdef bcdef abcdef
Percent > AI (1,200 mg/d) 4.5 5.7 3.9 3.8

Magnesium, mg 235 257 255 241
Standard error 4 4 4 5
Comparison adef bcd bcd abcdf
Percent < EAR (265 mg/d) 63 54 55 61

Vitamin A, RAE 762 675 777 612
Standard error 24 20 23 25
Comparison abch abdeh ach bdefh
Percent < EAR (500 µg/d) 12 32 11 37

Vitamin E, mg α-tocopherolc 5.0 5.6 5.7 5.7
Standard error 0.1 0.1 0.1 0.2
Comparison aef bcdf bcdf bcdf
Percent < EAR (12 mg/d) 98 90 99 95

Iron, mg 11.1 12.4 12.4 12.1
Standard error 0.2 0.3 0.2 0.3
Comparison adef bcd bcd abcdf
Percent < EAR (5 mg/d) 1.1 1.2 0.2 0.8

Zinc, mg 8.0 8.8 8.8 8.2
Standard error 0.2 0.2 0.2 0.2
Comparison adef bcd bcd abcdf
Percent < EAR (6.8 mg/d) 35 30 22 34

a AI = Adequate Intake, EAR = Estimated Average Requirement, RAE = retinol activity
equivalents.
b NA = data not available.
c Percent ranges of energy from added sugars have been assigned a letter (a–h). When
ranges of intakes do not share the same letter, they are significantly different (p < 0.5).
d Estimates of mg of α-tocopherol were obtained by multiplying estimates of mg of α-
tocopherol equivalents by 0.8.
NOTE: Data are limited to individuals who provided a complete and reliable 24-hour dietary
recall on Day 1. Individuals were assigned to ranges of energy intake from added sugars
based on unadjusted Day 1 intakes. Estimates of nutrient intake were adjusted using the
Iowa State University method and data from the subsample of individuals with Day 2 recalls
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20 < x ≤ 25 < x ≤ 30 < x ≤
25% 30% 35% > 35%

296 141 76 80

567 551 414 424
19 27 27 40

abdef abdefh gh fgh
3.1 0.2 1.0 1.1

216 214 154 160
5 8 8 9

aef adef gh gh
75 95 92 98

583 529 403 543
30 40 46 75

bdefh defgh fgh abcdefgh
38 45 69 6

4.7 5.4 3.7 3.1
0.2 0.4 0.3 0.2

aefg abcdef egh gh
97 97 100 100

10.3 10.6 7.9 7.8
0.3 0.5 0.5 0.4

aef adef gh gh
3.5 0.3 16 7.0

7.2 7.6 6.0 5.1
0.2 0.3 0.4 0.3

aefg adefg efgh gh
47 37 67 89

providing estimates of usual intake. Medians, standard errors, and percents below or above
the Dietary Reference Intakes were obtained using C-Side. Standard errors were estimated
via jackknife replication. Each standard error has 49 degrees of freedom.
DATA SOURCES: U.S. Department of Health and Human Services, National Center for
Health Statistics, Third National Health and Nutrition Examination Survey (NHANES
III), 1988–1994; National Cancer Institute’s Pyramid Servings Database for NHANES
III; and U.S. Department of Health and Human Services, National Center for Health
Statistics and University of Minnesota Nutrition Coordinating Center’s Carotenoid Data-
base for NHANES III (vitamin A data only).
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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K
Data Comparing Carbohydrate

Intake to Intake of Other
Nutrients from the Continuing

Survey of Food Intakes
by Individuals (CSFII),

1994–1996, 1998

TABLE K-1 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Children 1 Through 3 Years of
Age, United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 18 379 1,579
Total energy (kcal) 1,306 1,402
  Standard error 25 13
Carbohydrate (g) 135.0 178.0
  Standard error 2.7 1.6
Carbohydrate (% energy) 41.3 51.1
  Standard error 0.3 0.2
Fiber (g) 6.4 8.7
  Standard error 0.2 0.1
Fat (g) 61.0 55.8
  Standard error 1.3 0.6
Fat (% energy) 41.9 34.8
  Standard error 0.3 0.2
Saturated fat (g) 26.1 22.4
  Standard error 0.6 0.3
Saturated fat (% energy) 17.8 14.1
  Standard error 0.2 0.1
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

1,428 353 20
1,385 1,253

13 24
206.0 213.0

1.9 4.2
59.7 68.2

0.2 0.3
10.0 10.3

0.1 0.3
44.9 31.5

0.5 0.8
28.7 22.0

0.2 0.4
17.3 11.7

0.2 0.3
11.1 8.3

0.1 0.1 continued
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NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
were estimated via jackknife replication. Each standard error has 43 degrees of free-

TABLE K-1 Continued

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

Fatty acid 18:2 (g) 6.9 7.6
  Standard error 0.2 0.1
Fatty acid 18:2 (% energy) 4.8 4.8
  Standard error 0.1 0.1
Thiamin (mg) 1.03 1.17
  Standard error 0.02 0.01
Riboflavin (mg) 1.81 1.77
  Standard error 0.04 0.02
Niacin (mg) 11.4 13.5
  Standard error 0.3 0.2
Vitamin B6 (mg) 1.10 1.31
  Standard error 0.03 0.02
Vitamin B12 (µg) 4.11 3.38
  Standard error 0.10 0.05
Folate (µg) 166 205
  Standard error 5 3
Vitamin C (mg) 57 84
  Standard error 2 2
Iron (mg) 8.6 10.6
  Standard error 0.2 0.1
Zinc (mg) 8.0 7.9
  Standard error 0.2 0.1
Calcium (mg) 972 877
  Standard error 28 11
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dom. Children fed human milk or who reported no food intake for a day were excluded
from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.

55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

6.7 4.9
0.1 0.2
4.3 3.4
0.1 0.1
1.19 1.12
0.01 0.02
1.65 1.44
0.02 0.03

13.5 12.6
0.2 0.3
1.37 1.38
0.02 0.03
2.9 2.28
0.05 0.08

222 219
3 6

114 131
2 5

11.3 11.5
0.2 0.3
7.2 6.4
0.1 0.2

769 623
10 17



1230 DIETARY REFERENCE INTAKES

TABLE K-2 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Children 4 Through 8 Years of
Age, United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 16 288 1,620
Total energy (kcal) 1,824 1,801
  Standard error 32 15
Carbohydrate (g) 188.0 231.0
  Standard error 3.4 1.9
Carbohydrate (% energy) 41.4 51.5
  Standard error 0.4 0.2
Fiber (g) 10.4 11.9
  Standard error 0.3 0.2
Fat (g) 86.4 71.1
  Standard error 1.8 0.7
Fat (% energy) 42.0 34.9
  Standard error 0.3 0.1
Saturated fat (g) 32.5 26.7
  Standard error 0.7 0.3
Saturated fat (% energy) 15.8 13.1
  Standard error 0.2 0.1
Fatty acid 18:2 (g) 12.2 10.6
  Standard error 0.4 0.1
Fatty acid 18:2 (% energy) 5.9 5.2
  Standard error 0.1 0.1
Thiamin (mg) 1.37 1.48
  Standard error 0.03 0.02
Riboflavin (mg) 1.95 1.99
  Standard error 0.04 0.02
Niacin (mg) 18.9 18.5
  Standard error 0.5 0.2
Vitamin B6 (mg) 1.46 1.55
  Standard error 0.04 0.02
Vitamin B12 (µg) 4.68 4.20
  Standard error 0.15 0.07
Folate (µg) 218 257
  Standard error 6 4
Vitamin C (mg) 65 81
  Standard error 3 2
Iron (mg) 11.9 13.4
  Standard error 0.3 0.2
Zinc (mg) 10.7 9.9
  Standard error 0.3 0.1
Calcium (mg) 948 903
  Standard error 28 11

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
were estimated via jackknife replication. Each standard error has 43 degrees of free-
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

1,562 275 8
1,715 1,626

13 34
254.0 277.0

2.0 4.8
59.3 67.6

0.2 0.4
12.0 12.3

0.1 0.4
56.6 42.2

0.5 1.1
29.4 23.1

0.1 0.3
20.7 15.3

0.2 0.4
10.7 8.4

0.1 0.2
8.9 7.1
0.1 0.2
4.6 3.8
0.0 0.1
1.50 1.36
0.01 0.04
1.94 1.72
0.02 0.05

17.6 15.2
0.2 0.4
1.61 1.45
0.02 0.04
3.46 2.58
0.05 0.10

275 255
4 9

105 114
2 5

13.8 12.5
0.2 0.4
9.0 7.4
0.1 0.2

836 741
10 23

dom. Children fed human milk or who reported no food intake for a day were excluded
from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE K-3 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Boys 9 Through 18 Years of Age,
United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 8 115 484
Total energy (kcal) 2,476 2,512
  Standard error 88 45
Carbohydrate (g) 262.0 319.0
  Standard error 9.6 5.9
Carbohydrate (% energy) 42.5 50.9
  Standard error 0.7 0.3
Fiber (g) 13.9 15.6
  Standard error 0.8 0.4
Fat (g) 115.0 101.0
  Standard error 4.6 2.0
Fat (% energy) 40.1 35.5
  Standard error 0.5 0.3
Saturated fat (g) 41.5 36.4
  Standard error 1.8 0.8
Saturated fat (% energy) 14.8 12.7
  Standard error 0.3 0.2
Fatty acid 18:2 (g) 17.4 15.2
  Standard error 0.9 0.4
Fatty acid 18:2 (% energy) 6.4 5.3
  Standard error 0.2 0.1
Thiamin (mg) 1.84 1.92
  Standard error 0.08 0.04
Riboflavin (mg) 2.35 2.44
  Standard error 0.10 0.05
Niacin (mg) 25.3 25.1
  Standard error 1.0 0.6
Vitamin B6 (mg) 1.91 2.02
  Standard error 0.08 0.05
Vitamin B12 (µg) 6.19 5.50
  Standard error 0.32 0.16
Folate (µg) 232 278
  Standard error 13 8
Vitamin C (mg) 87 88
  Standard error 7 4
Iron (mg) 16.0 17.7
  Standard error 0.7 0.4
Zinc (mg) 14.3 14.1
  Standard error 0.6 0.3
Calcium (mg) 1,105 1,091
  Standard error 61 27

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

343 61 8
2,467 2,335

55 114
370.0 391.0

8.5 20.3
59.7 66.1

0.5 0.9
16.6 17.6

0.5 1.3
80.0 60.0

2.1 3.4
28.9 23.5

0.4 0.8
28.0 20.9

0.7 1.3
10.1 8.2

0.2 0.3
12.7 10.6

0.4 0.7
4.5 4.1
0.1 0.2
2.13 2.07
0.06 0.13
2.47 2.44
0.07 0.16

25.5 25.1
0.7 1.6
2.10 2.33
0.07 0.18
4.70 4.40
0.17 0.45

329 356
11 29

126 143
6 15

19.3 20.7
0.6 1.3

12.3 11.2
0.4 0.8

1,043 958
31 62

were estimated via jackknife replication. Each standard error has 43 degrees of free-
dom. Boys who reported no food intake for a day were excluded from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE K-4 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Men 19 Through 50 Years of Age,
United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 173 686 1,088
Total energy (kcal) 2,707 2,650 2,588
  Standard error 92 47 32
Carbohydrate (g) 203.0 277.0 324.0
  Standard error 7.3 5.1 4.1
Carbohydrate (% energy) 30.3 42.2 50.5
  Standard error 0.7 0.4 0.3
Fiber (g) 13.1 16.7 18.2
  Standard error 0.6 0.4 0.3
Fat (g) 125.0 112.0 97.0
  Standard error 4.5 2.4 1.4
Fat (% energy) 42.6 37.4 33.4
  Standard error 0.8 0.3 0.2
Saturated fat (g) 43.2 38.5 32.6
  Standard error 1.7 0.9 0.5
Saturated fat (% energy) 14.6 12.7 11.1
  Standard error 0.3 0.1 0.1
Fatty acid 18:2 (g) 20.0 18.9 17.0
  Standard error 1.0 0.5 0.3
Fatty acid 18:2 (% energy) 6.7 6.2 5.8
  Standard error 0.3 0.1 0.1
Thiamin (mg) 1.67 1.86 1.93
  Standard error 0.07 0.04 0.03
Riboflavin (mg) 2.29 2.22 2.22
  Standard error 0.09 0.04 0.03
Niacin (mg) 30.9 29.8 28.6
  Standard error 1.2 0.6 0.4
Vitamin B6 (mg) 2.35 2.15 2.11
  Standard error 0.09 0.05 0.03
Vitamin B12 (µg) 7.90 7.60 5.50
  Standard error 0.40 0.31 0.15
Folate (µg) 257 261 287
  Standard error 12 6 5
Vitamin C (mg) 69 81 97
  Standard error 5 3 3
Iron (mg) 16.3 17.6 18.3
  Standard error 0.6 0.4 0.3
Zinc (mg) 18.0 15.8 13.7
  Standard error 0.8 0.4 0.2
Calcium (mg) 858 885 910
  Standard error 41 24 17

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

493 84 9
2,431 2,082

43 94
360.0 365.0

6.9 15.4
59.2 69.3

0.5 1.3
19.8 19.9

0.5 1.6
77.0 46.4

1.6 3.1
28.0 19.0

0.3 1.0
25.5 14.5

0.7 1.1
9.2 5.2
0.1 0.4

13.9 9.1
0.4 0.7
5.0 3.7
0.1 0.3
1.96 1.84
0.04 0.15
2.13 1.89
0.05 0.16

26.2 23.7
0.6 1.7
2.09 2.08
0.06 0.18
4.40 3.37
0.17 0.36

309 310
9 30

115 126
5 14

18.7 17.5
0.4 1.3

12.0 10.1
0.3 0.8

850 724
24 56

were estimated via jackknife replication. Each standard error has 43 degrees of free-
dom. Men who reported no food intake for a day were excluded from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE K-5 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Men 51 Years of Age and Older,
United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 156 604 903
Total energy (kcal) 2,059 2,081 2,035
  Standard error 75 36 26
Carbohydrate (g) 153.0 213.0 255.0
  Standard error 6.2 3.8 3.4
Carbohydrate (% energy) 30.6 41.1 50.1
  Standard error 0.8 0.3 0.3
Fiber (g) 11.2 15.3 17.6
  Standard error 0.6 0.4 0.3
Fat (g) 98.0 91.0 78.0
  Standard error 4.4 1.9 1.2
Fat (% energy) 42.7 39.0 34.2
  Standard error 0.8 0.4 0.3
Saturated fat (g) 31.9 30.1 25.6
  Standard error 1.6 0.7 0.5
Saturated fat (% energy) 14.1 12.9 11.2
  Standard error 0.4 0.2 0.1
Fatty acid 18:2 (g) 16.9 15.9 13.7
  Standard error 1.0 0.4 0.3
Fatty acid 18:2 (% energy) 6.9 6.7 6.0
  Standard error 0.3 0.1 0.1
Thiamin (mg) 1.42 1.59 1.68
  Standard error 0.07 0.03 0.03
Riboflavin (mg) 1.84 1.94 1.97
  Standard error 0.08 0.04 0.03
Niacin (mg) 25.7 24.2 23.9
  Standard error 1.2 0.5 0.4
Vitamin B6 (mg) 1.85 1.84 1.93
  Standard error 0.09 0.04 0.03
Vitamin B12 (µg) 6.07 5.60 5.50
  Standard error 0.37 0.19 0.20
Folate (µg) 202 245 272
  Standard error 10 6 5
Vitamin C (mg) 70 70 93
  Standard error 7 3 3
Iron (mg) 13.4 14.7 16.4
  Standard error 0.6 0.3 0.3
Zinc (mg) 13.8 12.7 11.5
  Standard error 0.7 0.3 0.2
Calcium (mg) 618 716 761
  Standard error 36 17 15

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

494 106 16
1,954 1,757

35 56
287.0 300.0

4.9 10.1
58.8 67.9

0.4 0.7
20.2 21.6

0.5 1.1
59.0 38.7

1.4 1.8
27.2 20.1

0.3 0.7
18.5 12.8

0.5 0.7
8.5 6.7
0.1 0.4

11.7 6.9
0.3 0.4
5.3 3.5
0.1 0.2
1.81 1.59
0.04 0.07
1.97 1.82
0.05 0.08

23.6 20.4
0.5 1.0
2.08 2.09
0.05 0.13
4.30 3.70
0.18 0.38

303 305
9 19

128 110
5 7

17.6 16.2
0.4 0.9

10.9 8.6
0.3 0.3

727 746
18 32

were estimated via jackknife replication. Each standard error has 43 degrees of free-
dom. Men who reported no food intake for a day were excluded from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE K-6 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Girls 9 Through 18 Years of Age,
United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 6 108 401
Total energy (kcal) 1,893 1,824
  Standard error 71 34
Carbohydrate (g) 196.0 229.0
  Standard error 6.9 4.5
Carbohydrate (% energy) 42.2 50.6
  Standard error 0.9 0.4
Fiber (g) 10.6 11.6
  Standard error 0.5 0.3
Fat (g) 87.8 73.0
  Standard error 3.1 1.6
Fat (% energy) 40.8 35.4
  Standard error 0.5 0.4
Saturated fat (g) 31.3 25.9
  Standard error 1.4 0.6
Saturated fat (% energy) 14.7 12.5
  Standard error 0.3 0.2
Fatty acid 18:2 (g) 14.3 11.7
  Standard error 0.7 0.3
Fatty acid 18:2 (% energy) 6.7 5.6
  Standard error 0.3 0.1
Thiamin (mg) 1.22 1.38
  Standard error 0.06 0.03
Riboflavin (mg) 1.74 1.77
  Standard error 0.07 0.04
Niacin (mg) 19.3 18.4
  Standard error 0.9 0.4
Vitamin B6 (mg) 1.43 1.43
  Standard error 0.07 0.04
Vitamin B12 (µg) 4.63 3.91
  Standard error 0.30 0.14
Folate (µg) 177 205
  Standard error 9 6
Vitamin C (mg) 54 73
  Standard error 4 3
Iron (mg) 12.2 12.9
  Standard error 0.6 0.3
Zinc (mg) 11.0 10.2
  Standard error 0.6 0.3
Calcium (mg) 796 795
  Standard error 41 22

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

401 90 7
1,853 1,838

36 68
275.0 315.0

5.8 12.1
59.3 68.5

0.3 0.7
13.4 13.9

0.4 0.8
61.5 45.5

1.4 2.1
29.3 22.0

0.3 0.6
21.4 15.3

0.5 0.8
10.2 7.3

0.1 0.3
9.9 7.8
0.3 0.4
4.7 3.9
0.1 0.2
1.46 1.43
0.04 0.07
1.73 1.72
0.05 0.08

18.3 16.5
0.5 0.9
1.53 1.49
0.04 0.08
3.55 2.63
0.14 0.20

237 249
8 17

95 128
4 11

13.6 13.2
0.4 0.7
8.9 7.9
0.2 0.5

743 781
21 45

were estimated via jackknife replication. Each standard error has 43 degrees of free-
dom. Girls who reported no food intake for a day were excluded from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE K-7 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Women 19 Through 50 Years of
Age, United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 109 497 924
Total energy (kcal) 1,656 1,721 1,743
  Standard error 63 34 22
Carbohydrate (g) 128.0 176.0 220.0
  Standard error 5.1 3.7 2.8
Carbohydrate (% energy) 31.4 41.0 50.6
  Standard error 0.8 0.4 0.3
Fiber (g) 9.0 11.1 13.0
  Standard error 0.5 0.3 0.2
Fat (g) 81.3 77.0 67.0
  Standard error 3.6 1.8 1.1
Fat (% energy) 43.9 39.8 34.0
  Standard error 0.9 0.4 0.2
Saturated fat (g) 27.5 25.7 22.4
  Standard error 1.4 0.7 0.4
Saturated fat (% energy) 14.7 13.3 11.3
  Standard error 0.5 0.2 0.1
Fatty acid 18:2 (g) 13.7 13.8 12.0
  Standard error 0.8 0.4 0.3
Fatty acid 18:2 (% energy) 7.4 7.0 6.0
  Standard error 0.3 0.2 0.1
Thiamin (mg) 1.10 1.22 1.34
  Standard error 0.06 0.03 0.02
Riboflavin (mg) 1.45 1.47 1.55
  Standard error 0.07 0.03 0.02
Niacin (mg) 18.7 19.2 19.0
  Standard error 1.0 0.4 0.3
Vitamin B6 (mg) 1.30 1.37 1.45
  Standard error 0.07 0.03 0.02
Vitamin B12 (µg) 4.76 4.52 3.75
  Standard error 0.38 0.20 0.11
Folate (µg) 152 174 214
  Standard error 8 5 4
Vitamin C (mg) 45 60 75
  Standard error 4 3 2
Iron (mg) 10.2 11.5 12.8
  Standard error 0.5 0.3 0.2
Zinc (mg) 10.7 9.8 9.4
  Standard error 0.6 0.2 0.2
Calcium (mg) 634 607 635
  Standard error 42 16 12

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

626 176 37
1,666 1,442 1,344

24 48 91
247.0 248.0 284.0

3.8 8.4 17.4
59.1 68.6 80.9

0.3 0.6 1.3
14.0 13.6 14.2

0.3 0.8 1.5
51.8 33.6 18.5

1.0 1.4 2.1
27.8 20.9 11.9

0.3 0.6 0.9
17.1 10.2 5.5

0.4 0.5 0.7
9.1 6.3 3.5
0.1 0.2 0.3
9.7 7.4 3.4
0.2 0.4 0.4
5.1 4.6 2.1
0.1 0.2 0.2
1.38 1.27 1.47
0.03 0.06 0.15
1.59 1.37 1.55
0.03 0.07 0.19

18.5 16.2 15.4
0.4 0.8 1.7
1.53 1.40 1.74
0.04 0.08 0.20
3.28 2.14 2.88
0.13 0.18 0.57

231 237 341
6 14 45

93 92 128
4 7 22

13.2 12.1 14.4
0.3 0.7 1.8
8.6 6.9 7.1
0.2 0.4 0.8

659 540 505
16 29 57

were estimated via jackknife replication. Each standard error has 43 degrees of free-
dom. Women who reported no food intake for a day were excluded from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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TABLE K-8 Median Nutrient Intakes by Carbohydrate Intake as
Percentage of Total Energy, Women 51 Years of Age and
Older, United States, CSFII (1994–1996, 1998)

Carbohydrate Intake as Percentage of Total Energy

Nutrient < 35% 35 ≤ to < 45% 45 ≤ to < 55%

n 77 438 861
Total energy (kcal) 1,394 1,464 1,528
  Standard error 72 26 19
Carbohydrate (g) 104.0 147.0 193.0
  Standard error 5.8 2.8 2.5
Carbohydrate (% energy) 29.6 40.3 51.0
  Standard error 0.9 0.4 0.3
Fiber (g) 7.5 11.2 13.3
  Standard error 0.6 0.3 0.2
Fat (g) 71.0 66.2 57.9
  Standard error 4.5 1.4 0.9
Fat (% energy) 45.1 40.4 33.6
  Standard error 1.2 0.4 0.3
Saturated fat (g) 23.7 21.5 18.7
  Standard error 1.6 0.5 0.3
Saturated fat (% energy) 15.3 13.1 10.8
  Standard error 0.6 0.2 0.1
Fatty acid 18:2 (g) 11.3 12.3 10.8
  Standard error 1.0 0.4 0.2
Fatty acid 18:2 (% energy) 6.9 7.4 6.2
  Standard error 0.4 0.2 0.1
Thiamin (mg) 1.01 1.13 1.25
  Standard error 0.06 0.03 0.02
Riboflavin (mg) 1.26 1.40 1.53
  Standard error 0.06 0.03 0.02
Niacin (mg) 17.1 17.8 17.9
  Standard error 1.0 0.4 0.3
Vitamin B6 (mg) 1.20 1.32 1.42
  Standard error 0.07 0.03 0.02
Vitamin B12 (µg) 3.38 3.93 3.94
  Standard error 0.27 0.19 0.14
Folate (µg) 139 177 209
  Standard error 11 5 4
Vitamin C (mg) 45 62 82
  Standard error 5 3 2
Iron (mg) 9.2 10.8 11.8
  Standard error 0.5 0.2 0.2
Zinc (mg) 8.2 8.9 8.3
  Standard error 0.5 0.2 0.1
Calcium (mg) 449 527 586
  Standard error 28 15 11

NOTE: Data are limited to individuals who provided complete and reliable 24-hour
dietary recalls on Day 1 and Day 2. Individuals were assigned to ranges of energy intake
from carbohydrates based on unadjusted 2-day average intakes. Estimates of nutrient
intake were adjusted using the Iowa State University method to provide estimates of
usual intake. Medians and standard errors were obtained using C-Side. Standard errors
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55 ≤ to < 65% 65 ≤ to < 75% ≥ 75%

620 147 18
1,422 1,272

22 40
210.0 219.0

3.3 6.9
59.1 69.2

0.4 0.7
15.3 17.6

0.3 0.8
43.4 28.1

0.8 1.2
27.1 19.4

0.3 0.5
13.7 8.2

0.3 0.4
8.6 5.7
0.1 0.2
8.4 5.8
0.2 0.3
5.3 3.9
0.1 0.2
1.28 1.30
0.03 0.05
1.51 1.42
0.03 0.06

17.2 16.2
0.3 0.7
1.54 1.65
0.03 0.07
3.06 2.58
0.10 0.20

232 263
6 12

102 123
3 7

12.3 13.0
0.3 0.6
7.8 7.1
0.2 0.3

604 558
14 27

were estimated via jackknife replication. Each standard error has 43 degrees of free-
dom. Women who reported no food intake for a day were excluded from the analysis.
DATA SOURCE: U.S. Department of Agriculture, Agricultural Research Service.
SOURCE: ENVIRON International Corporation and Iowa State University Department
of Statistics, 2001.
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L
Options for Dealing
with Uncertainties

Methods for dealing with uncertainties in scientific data are generally
understood by working scientists and require no special discussion here
except to point out that such uncertainties should be explicitly acknowl-
edged and taken into account whenever a risk assessment is undertaken.
More subtle and difficult problems are created by uncertainties associated
with some of the inferences that must be made in the absence of directly
applicable data; much confusion and inconsistency can result if they are
not recognized and dealt with in advance of undertaking a risk assessment.

The most significant inference uncertainties arise in risk assessments
whenever attempts are made to answer the following questions (NRC,
1994):

• What sets of hazard and dose–response data (for a given substance)
should be used to characterize risk in the population of interest?

• If animal data are to be used for risk characterization, which end-
points for adverse effects should be considered?

• If animal data are to be used for risk characterization, what measure of
dose (e.g., dose per unit body weight, body surface, or dietary intake)
should be used for scaling between animals and humans?

• What is the expected variability in dose–response between animals
and humans?

• If human data are to be used for risk characterization, which adverse
effects should be used?

• What is the expected variability in dose–response among members of
the human population?
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• How should data from subchronic exposure studies be used to esti-
mate chronic effects?

• How should problems of differences in route of exposure within and
between species be dealt with?

• How should the threshold dose be estimated for the human population?
• If a threshold in the dose–response relationship seems unlikely, how

should a low-dose risk be modeled?
• What model should be chosen to represent the distribution of exposures

in the population of interest when data relating to exposures are limited?
• When interspecies extrapolations are required, what should be assumed

about relative rates of absorption from the gastrointestinal tract of animals
and of humans?

• For which percentiles on the distribution of population exposures
should risks be characterized?

At least partial, empirically based answers to some of these questions
may be available for some of the nutrients under review, but in no case is
scientific information likely to be sufficient to provide a highly certain
answer; in many cases there will be no relevant data for the nutrient in
question.

It should be recognized that for several of these questions, certain infer-
ences have been widespread for long periods of time; thus, it may seem
unnecessary to raise these uncertainties anew. When several sets of animal
toxicology data are available, for example, and data are not sufficient for
identifying the set (i.e., species, strain, and adverse effects endpoint) that
best predicts human response, it has become traditional to select that set
in which toxic responses occur at the lowest dose (the most sensitive set).
In the absence of definitive empirical data applicable to a specific case, it is
generally assumed that there will not be more than a tenfold variation in
response among members of the human population. In the absence of
absorption data, it is generally assumed that humans will absorb the chemi-
cal at the same rate as the animal species used to model human risk. In the
absence of complete understanding of biological mechanisms, it is gener-
ally assumed that, except possibly for certain carcinogens, a threshold dose
must be exceeded before toxicity is expressed. These types of long-standing
assumptions, which are necessary to complete a risk assessment, are recog-
nized by risk assessors as attempts to deal with uncertainties (NRC, 1994).

A past National Research Council (NRC) report (1983) recommended
adoption of the concepts and definitions that have been discussed in this
report. The NRC committee recognized that throughout a risk assessment,
data and basic knowledge will be lacking and risk assessors will be faced
with several scientifically plausible options (called inference options by the
NRC) for dealing with questions such as those presented above. For
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example, several scientifically supportable options for dose scaling across
species and for high- to low-dose extrapolation will exist, but there will be
no ready means to identify those that are clearly best supported. The NRC
committee recommended that regulatory agencies in the United States
identify the needed inference options in risk assessment and specify,
through written risk assessment guidelines, the specific options that will be
used for all assessments. Agencies in the United States have identified the
specific models to be used to fill gaps in data and knowledge; these have
come to be called default options (EPA, 1986).

The use of defaults to fill knowledge and data gaps in risk assessment
has the advantage of ensuring consistency in approach (the same defaults
are used for each assessment) and minimizing or eliminating case-by-case
manipulations of the conduct of risk assessment to meet predetermined
risk management objectives. The major disadvantage of the use of defaults
is the potential for displacement of scientific judgment by excessively rigid
guidelines. A remedy for this disadvantage was also suggested by the NRC
committee: risk assessors should be allowed to replace defaults with alter-
native factors in specific cases of chemicals for which relevant scientific
data are available to support alternatives. The risk assessors’ obligation in
such cases is to provide explicit justification for any such departure. Guide-
lines for risk assessment issued by the U.S. Environmental Protection
Agency (EPA, 1986), for example, specifically allow for such departures.

The use of preselected defaults is not the only way to deal with model
uncertainties. Another option is to allow risk assessors complete freedom
to pursue whatever approaches they judge applicable in specific cases.
Because many of the uncertainties cannot be resolved scientifically, case-
by-case judgments without some guidance on how to deal with them will
lead to difficulties in achieving scientific consensus, and the results of the
assessment may not be credible.

Another option for dealing with uncertainties is to allow risk assessors
to develop a range of estimates based on application of both defaults and
alternative inferences that, in specific cases, have some degree of scientific
support. Indeed, appropriate analysis of uncertainties seems to require
such a presentation of risk results. Although presenting a number of
plausible risk estimates has the advantage that it would seem to more faith-
fully reflect the true state of scientific understanding, there are no well-
established criteria for using such complex results in risk management.

The various approaches to dealing with uncertainties inherent in risk
assessment are summarized in Table L-1.

As can be seen in the nutrient chapters, specific default assumptions for
assessing nutrient risks have not been recommended. Rather, the approach
calls for case-by-case judgments, with the recommendation that the basis
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for the choices made be explicitly stated. Some general guidelines for
making these choices are, however, offered.

REFERENCES
EPA (U.S. Environmental Protection Agency). 1986. Proposed guidelines for car-

cinogen risk assessment; Notice. Fed Regis 61:17960–18011.
NRC (National Research Council). 1983. Risk Assessment in the Federal Government:

Managing the Process. Washington, DC: National Academy Press.
NRC. 1994. Science and Judgment in Risk Assessment. Washington, DC: National

Academy Press.
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TABLE L-1 Approaches for Dealing with Uncertainties in a
Risk Assessment Program

Program Model Advantages

Case-by-case judgments by Flexibility; high potential to
experts maximize use of most relevant

scientific information bearing on
specific issues

Written guidelines specifying Consistent treatment of different
defaults for data and model issues; maximization of
uncertainties (with allowance transparency of process; resolution
for departures in specific of scientific disagreements possible
cases) by resorting to defaults

Presentation of full array of Maximization of use of scientific
estimates by assessors from all information; reasonably reliable
scientifically plausible models portrayal of true state of scientific

understanding
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Disadvantages

Potential for inconsistent treatment of
different issues; difficulty in
achieving consensus; need to agree
on defaults

Possible difficulty in justifying
departure or achieving consensus
among scientists that departures are
justified in specific cases; danger that
uncertainties will be overlooked

Highly complex characterization of risk,
with no easy way to discriminate
among estimates; size of required
effort may not be commensurate with
utility of the outcome
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M
Nitrogen Balance Studies

Used to Estimate the Protein
Requirements in Adults

TABLE M-1 Nitrogen Balance Studies Used to Estimate the
Protein Requirements in Adults

Reference Country Study Typea

Agarwal et al., 1984 India Primary estimation
Atinmo et al., 1988b Nigeria Primary estimation
Bourges and Lopez-Castro, Mexico Primary estimation

1982
Cheng et al., 1978 Chile Primary estimation + test

Clark et al., 1972 United States Primary estimation
Dutra de Oliveira and Brazil Primary estimation

Vannucchi, 1984
Egana et al., 1992 Chile Primary estimation
Egun and Atinmo, 1993b Nigeria Primary estimation
Fajardo et al., 1981 Columbia Primary estimation

Hussein, 1984 Egypt Primary estimation
Inoue et al., 1981 Japan Primary estimation
Istfan et al., 1983b United States Primary estimation
Kaneko et al., 1988 Japan Primary estimation
Ozalp et al., 1984a Turkey Primary estimation
Scrimshaw et al., 1983 United States Primary estimation
Thomas et al., 1979 United States Primary estimation
Tontisirin et al., 1981b Thailand Primary estimation
Uauy et al., 1978b United States Primary estimation
Yanez et al., 1982 Chile Primary estimation
Young et al., 1984 United States Primary estimation
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Subjects Age (y) Protein Source

6 men, 5 women 25–39 Vegetable: rice, wheat
15 men 19–21 Mixed: beef, rice
11 men 15–30 Animal: milk + vegetable: corn, beans

14 men 23–29 Mixed: milk, wheat, soy
60–73

5 men, 1 woman 22–26 Mixed: milk, wheat, rice
9 men 18–28 Vegetable: rice, beans

14 men 18–31 Animal: egg + vegetable: lupin
12 women 21–32 Mixed: rice, wheat, beef
12 men, 2 women 21–26 Mixed: meat, wheat, potatoes + vegetable:

rice, beans, potatoes
8 women 18–27 Mixed
21 men 19–28 Animal: fish + vegetable: soy + mixed: fish, soy
8 men 18–21 Vegetable: soy
12 women 18–24 Mixed
11 men 19–26 Mixed: wheat, yogurt
22 men 18–23 Animal: milk + vegetable: soy
7 women 18–23 Vegetable: cottonseed
13 men 19–27 Animal: egg
7 men, 7 women 68–84 Animal: egg
15 men 20–31 Mixed: wheat, milk + animal: egg
15 men 20s Animal: egg + vegetable: soy

continued
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TABLE M-1 Continued

Reference Country Study Typea

Huang and Lin, 1982 China Secondary estimation
Inoue et al., 1973 Japan Secondary estimation
Kaneko and Koike, 1985 Japan Secondary estimation

+ energy
Komatsu et al., 1983 Japan Secondary estimation
Wayler et al., 1983 United States Secondary estimation
Xuecun et al., 1984 China Secondary estimation
Young et al., 1973 United States Secondary estimation
Young et al., 1975 United States Secondary estimation
Zanni et al., 1979 United States Secondary estimation

+ obligatory
Atinmo et al., 1985 Nigeria Obligatory
Bodwell et al., 1979 United States Obligatory
Bricker and Smith, 1951 United States Obligatory
Calloway and Margen, 1971 United States Obligatory
Huang et al., 1972 China Obligatory
Inoue et al., 1974 Obligatory
Nicol and Phillips, 1976a Nigeria Obligatory
Scrimshaw et al., 1972 United States Obligatory
Scrimshaw et al., 1976 United States Obligatory
Tontisirin et al., 1981a Thailand Obligatory
Uauy et al., 1978a United States Obligatory
Uauy et al., 1982 Chile Obligatory + energy
Young and Scrimshaw, 1968 United States Obligatory

Atinmo et al., 1988a Nigeria Test
Bourges et al., 1984 Mexico Test
Campbell et al., 1994 United States Test
Castaneda et al., 1995 United States Test
Dutra de Oliveira et al., 1981 Brazil Test
Egun and Atinmo, 1993a Nigeria Test
Gersovitz et al., 1982 United States Test
Istfan et al., 1983a United States Test
Nicol and Phillips, 1976b Nigeria Test
Oddoye and Margen, 1979 United States Test
Ozalp et al., 1984b Turkey Test
Ozalp et al., 1984c Turkey Test
Tontisirin et al., 1984 Thailand Test
Uauy et al., 1984 Chile Test
Xuecun et al., 1984 China Test
Yanez and Uauy, 1984 Chile Test
Young et al., 1984 United States Test

a Primary estimation = studies designed to estimate requirement by feeding a number
of individuals several different intake levels; test = studies not designed to estimate
requirement, usually involving long experimental periods for a single level; energy =
studies designed to study the effects of varying energy intake; secondary estimation =
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Subjects Age (y) Protein Source

41 men 20–29 Animal: egg + mixed
25 men 20–27 Animal: egg + vegetable: rice
15 women 18–22 Animal: egg

28 men 19–30 Animal: amino acids (egg)
34 men 18–26 Animal: beef + animal: milk + mixed: beef, soy
10 men 26–41 Mixed: rice, wheat, pork, egg
19 men 18–28 Animal: egg
15 men 18–24 Animal: beef + vegetable: wheat
6 men 63–77 Animal: egg white

15 men 19–39
13 men, 11 women 19–52
25 women 19–30
13 men 21–37
50 men 20–32
9 men Young
9 men 21–30
83 men 18–26
11 women 67–91
4 men 21–25
8 men 68–72
8 men 24–31
8 men 17–22

12 men 22–29 Mixed: beef, rice
20 men 19–25 Vegetable: corn, beans
8 men, 4 women 56–80 Mixed: milk, egg, vegetable
12 women 66–79 Mixed: milk, vegetable
14 men 17–26 Mixed: rice, beans, meat, milk
11 women 21–30 Mixed: rice, wheat, beef
7 men, 8 women 70–99 Animal: egg
6 men 18–26 Vegetable: soy
17 men 21–30 Vegetable: rice
12 men 23–30 Animal: egg + mixed: egg, soy
49 men 19–30 Mixed: wheat, yogurt
15 men 19–28 Mixed: wheat, yogurt
12 men 19–26 Mixed: rice, fish
53 men 18–19 Mixed: wheat, rice, milk
6 men 24–45 Mixed: rice, wheat, pork, egg
8 men 19–33 Mixed: wheat, rice, milk
32 men 20s Animal: egg + vegetable: soy

studies that present only mean data or studied different individuals at each intake level;
obligatory = studies that examined responses to zero or very low nitrogen intake.
SOURCE: Adapted from Rand et al. (2003).
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Alanine (dispensable), 276, 591, 593, 594,
596, 597, 604, 605, 606, 696-697, 736,
992-993

Alaska Natives, 275, 284, 693
Albumin, 304-305, 430, 602, 609, 610
Alcohol

dietary intakes, 49, 110, 1064-1065
energy contribution, 109, 771, 1064-1065
and fatty acid oxidation, 109, 453
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by life stage and gender group, 1064-
1065

oxidation rate, 108-109
TEF, 109-110

Alcoholics and alcoholism, 110, 704
Aldosterone, 543
Allergic reactions, 295, 396, 397, 399
α-Ketoglutarate, 604, 605
α-Linoleic acid.  See also Polyunsaturated

fatty acids, n-3
AIs, 8-9, 11, 423, 466-472, 834, 944-945
AMDRs, 15-16, 770, 834-835
and CHD, 427, 770, 827, 828, 829
deficiency, 9, 423, 427, 439-440, 443-445,

470, 472
dietary intakes, 478, 834
food sources, 478, 771, 834
function, 423, 427, 435, 445, 466
interaction with linoleic acid, 447, 453-

455, 472, 825
and learning behavior, 439, 445
metabolism, 434-435, 445-446, 468, 472
parenteral nutrition and, 444
protective effects, 427, 770
sources, 427, 447
supplementation, 444
and vision, 439, 440, 468

Alpha-Tocopherol, Beta-Carotene Cancer
Prevention Study, 483

Altitude, and energy expenditure, 149
Amino acids. See also Protein; individual

amino acids
absorption, 621
adaptations in metabolism, 618, 619
adverse effects of, 696, 697-698, 701-703,

705-708, 711-712, 713-717, 720, 721-
723, 724-726, 727, 729, 730-733, 734-
735

AIs, 662-663
alcoholism and, 704
animal studies, 671, 696, 697-698, 701-

702, 703, 705, 707-708, 711-712, 713-
714, 720, 721-722, 724, 725-726, 727,
729, 730-732, 734-735

and appetite or eating behavior, 707,
709, 710, 713, 730, 731-732

and asthma, 716-717
and behavior, 697, 701, 713, 714, 721,

727, 729
bioavailability, 685
and body fat, 713

and brain chemistry, 704-705, 707, 709,
710, 711, 714, 721, 731, 732, 734, 735

branched-chain, 604, 616, 660, 704-711;
See also Isoleucine, Leucine, Valine

and cancer, 54, 698-699, 700, 708, 710,
711, 713, 719, 722, 732, 843

and carbohydrates, 275, 276, 701, 731,
732-733

carbon metabolism, 605-607
catabolism, 278, 594, 603-608, 616, 617,

704, 712
and CHD risk, 726
chemistry, 590, 592-593
Chinese restaurant syndrome, 714, 715-

716
composition of proteins, 279, 621, 666,

682, 685-686
deficiency, 662
deposition rate, 672-675
dermal effects, 733-734, 735
developmental studies, 708-710, 724, 732
diabetes and, 704
dietary intakes, 692, 696, 697, 700, 701,

704, 711, 712, 720, 721, 723, 725,
727, 729, 730, 731, 734, 736, 992-
1027

digestibility, 621
direct amino acid oxidation method,

615-617, 618, 619, 670-671, 676-678
dose–response assessment, 697, 699-700,

703, 711, 712, 717, 719, 720, 723,
725, 726, 728, 729, 730, 731, 733-734,
736

EARs, 589, 619, 664-679, 680-681, 688
excretion, 604
factorial estimate, 614, 666-669
food sources, 48, 712-713, 714
free, 596-597, 599, 602, 603, 620, 692,

721
function, 9, 38, 589, 590, 696, 697, 701,

704-705, 712, 720-721, 725, 729, 731,
734, 736

and gastrointestinal disturbances, 698,
700, 714, 720, 722, 724, 726, 733

genotoxicity, 720
gluconeogenesis from, 276, 278, 288-

289, 604, 606
and growth, 598, 607, 665, 666, 669, 697,

701, 707, 710, 713, 719, 720, 721,
724, 725, 728
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hazard identification, 696-699, 700, 701-
703, 704-710, 711-717, 718-719, 720,
721-723, 724-726, 727, 729, 730-733,
734-735

and herpes infections, 724
high-protein diets and, 712
homeostasis, 595-598
hormonal effects, 715
human studies, 608-699, 702-703, 705-

706, 712, 714-715, 720, 722-723, 724-
725, 726, 727, 729, 730, 731-733, 735

imbalances in, 707, 708-709, 710, 726
and immune function, 697-698, 699
indicator amino acid oxidation method,

617-619, 670-671, 676, 677, 678
indicators for estimating requirements,

613-619
individual variability in requirements,

614, 665-666, 679
insulin sensitivity, 696, 701, 705, 710
intake assessment, 736-737
interactions with other nutrients, 721-

723, 725, 726, 731
by life stage and gender group, 662-682,

992-1027
limiting, 602, 611, 614, 669, 685, 689,

690, 691
and lipid profiles, 721, 724
liver function and, 704, 705, 721
losses, 601, 614
low-protein diets, 697, 707, 709, 721,

731-732
maintenance, 666, 667-669, 672-675
and malnutrition, 704
maple syrup urine disease, 704, 706
metabolic disorders, 697, 700, 704, 705,

706, 710, 714, 727, 728, 735
metabolic pathways, 597-598, 600, 617,

660, 697, 701, 704, 705, 717, 719,
724, 726, 728-729, 731

neurological effects, 696, 699, 701-702,
703, 704-705, 706, 711, 714, 715, 717,
718, 719, 727, 728, 733

nitrogen balance studies, 612, 613-614,
618, 662, 664-666, 670-671, 676, 677,
678, 688

nitrogen metabolism, 278, 603-605, 718,
720

nitrogen utilization through nonprotein
pathways, 607-608

nutritional and metabolic classification,
593-594

and obesity, 701, 704, 732
opthalmologic effects, 711, 714, 720,

722, 729, 734, 735, 736
parenteral nutrition and, 699, 705, 714,

718, 719, 722-723
and physical exercise, 702, 705-706
planning and assessing intakes, 961-963
plasma amino acid response method,

614-615, 670-671
precursors of nonprotein products, 608
protective effects, 726
quality of protein source, 661, 662, 684-

690, 721
RDAs, 47, 672-675, 679-680, 681, 682
reproductive effects, 701, 712, 713, 715
research recommendations, 737-738
risk characterization, 737
scoring, 14, 589, 662, 685, 686-691
selection of indicators for estimating

requirements, 613-619
and somnolence, 698, 700, 722, 733
special considerations, 728
and starvation, 693, 704
supplementation, 695-735
synthesis, 275, 701, 712, 717, 723, 729,

734
and taste and smell acuity, 722
teratogenic effects, 708, 728
trauma and, 596, 605
24-hour amino acid balance method,

616-617, 670-671, 676, 677
ULs, 695-737
variance in requirements, 688
and weight, 697, 698, 700, 707, 709, 713,

721, 724, 730, 731-732, 734
Amino sugars, 684
Ammonia, 56, 375, 377, 603, 604, 605, 684,

697, 714, 717-718, 719
Amylopectin, 267-268, 269, 272
Amylose, 267, 272
Animal studies

advantages, 94-95, 97
amino acids, 671, 696, 697-698, 701-702,

707-708, 711-712, 713-714, 720, 721-
722, 724, 725-726, 727, 729, 730-732,
734-735

carbohydrate, 40, 275
cholesterol, 548, 562
colon cancer, 377
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dose-response assessment, 96, 98, 100
extrapolation of data from, 40, 87, 95,

97, 98, 100, 101, 492, 562, 1245-1246
fat, 40
fiber, 351, 361, 377
hazard identification, 94-95, 96, 696,

697-698, 701-702, 707-708, 711-712,
713-714, 721-722, 724, 725-726, 727,
729, 730-732, 734-735

nitrogen balance studies, 671
polyunsaturated fatty acids, 444-445, 492
pregnant animals, 709, 726
protein, 40
relevance of, 39, 40, 94, 96, 703, 705,

711, 727
uncertainties in, 100, 1245-1246

Apolipoprotein A-I, 61
Apolipoprotein B100, 503
Apolipoprotein CH, 429
Apolipoprotein E, 544
Apoproteins, 429
Apoptosis, 55, 833, 837-838
Appetite, 383, 707, 709, 710, 713, 730, 731-

732, 795
Arabinose, 345
Arachidonic acid, 425, 426, 433-434, 435,

438, 439, 440, 442, 443, 444, 446-447,
453-454, 455-456, 465, 469, 472, 476,
478, 824, 838

Arginase, 605
Arginine (dispensable), 591, 593, 594, 597,

605, 608, 697-700, 709, 712, 717, 724,
736, 994-995

Arginine glutamate, 714
Arginionsuccinic acid synthetase, 697, 700
Arizona Wheat-bran Fiber Trial, 374
Arteriosclerosis, 130, 842
Asians, obese, 352
Asparagine (dispensable), 591, 593, 594, 700
Aspartame, 695, 702-703, 727
Aspartic acid/aspartate (dispensable), 591,

592, 593, 594, 597, 604, 605, 608,
695, 709, 736, 996-997

Association of Official Analytical Chemists
International, 340, 344

Assessment of nutrient intakes
added sugars, 957
AI and, 939-940, 944-945
AMDR and, 941, 945
amino acids, 960-963
biochemical approach, 944

carbohydrate, 956-957
cut-point method, 943
EAR and, 938-939, 943-944
energy, 48, 225, 954-956
fat, 959
fiber, 957-958
of groups, 16-18, 941-945
of individuals, 937-941
polyunsaturated fatty acids, 959-960
probability approach, 942-943, 944
protein, 960-961
RDA and, 938-939, 944
UL and, 940, 945

Asthma, 396, 399, 716-717
Atherogenic dyslipidemia, 777
Atherogenic lipid profile, 802
Atherogenic lipoprotein phenotype, 777, 782
Atherosclerosis, 59, 485-486, 546, 548, 549,

560, 562, 563, 823-824, 826, 836-837,
840

Atherosclerosis Risk in Communities Study,
563

Athletes, 115. See also Physical activity
amino acid supplements, 702, 706
endurance training, 660
energy balance, 221-223, 452
high-carbohydrate diet, 452
high-fat diet, 452
lipoprotein profile, 61
low fat, high carbohydrate diet, 773
protein, 660-661
resistance training, 660
runners, 61, 773
skeletal health, 66

Autoimmune diseases, 487

B
Balance studies. See also Nitrogen balance

studies
cholesterol, 543-544
defined, 40
limitations of, 40-41, 617, 676
methionine, 677
24-hour amino acid method, 616-617
zinc bioavailability, 394

Basal energy expenditure (BEE)
defined, 112
DLW data, 1104-1202
fat-free mass and, 128, 186
gender differences, 141, 217
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and MET rate, 888
obese and overweight individuals, 217
prediction, 114, 171, 178-179, 186, 205,

217
Schofield equations, 171, 178-179, 186
and weight, 116, 141, 150, 183, 184, 186,

206-213, 888
Basal metabolic rate (BMR), 25

adaptations, 201
adolescents, 178-179
aging and, 131, 143
altitude and, 149
body composition and size and, 131, 141
and carbohydrates, 196
children, 141, 171, 1114-1121
climate and, 148
defined, 112
and energy expenditure, 112-114, 115,

131, 141, 164-165, 171, 178-179, 185,
188-190, 195

and energy requirement, 164-165, 171,
178-179, 185, 188-190, 195-196

ethnic differences, 146
FFM and, 139
gender differences, 141
infants, 164-165, 1106-1114
lactation, 195-196
measurement, 165, 171, 185, 188
menstrual cycle and, 140, 141
pregnancy, 185, 188-191, 291
protein balance and, 598
sedentary individuals, 115

Basal requirement, 24
Beans. See Legumes
Behavior. See also Eating behavior

amino acid intake and, 697, 701, 713,
714, 721, 727, 729

breastfed infants, 621
learning, 439, 445, 446, 447, 697, 713, 729
polyunsaturated fatty acids and, 439,

445, 446, 447
sugar intake and, 295-296, 323

Bengal gram, 366-367
β3-Adrenergic receptor gene, 145
β-Glucans (dietary or functional fiber), 345,

355-356
β-Hydroxybutyrate, 285, 430
Bioavailability of nutrients

age/aging and, 447, 450-452
amino acids, 685
balance studies and, 394

defined, 93, 973
factors affecting, 29-30, 93-94, 271, 281
fat intake and, 424, 785, 788-792
fiber consumption and, 29, 94, 348, 351-

352, 369, 382, 391, 394-395, 397-398,
838

in human milk, 431, 447, 621, 944
in infant formula, 26, 31, 45, 431, 940,

944, 946
nutrient–nutrient interactions and, 93,

271, 281, 424
and risk assessment, 93-94, 98
from supplements, 29, 93, 94

Biomarkers of disease, 41
Bladder cancer, 708, 710
Bleeding time, 492-493
Blood pressure. See also Hypertension

amino acids and, 735
fiber and, 60
physical activity and, 60
polyunsaturated fatty acids and, 59, 829
trans fatty acids and, 504
weight and, 204

Body composition and size. See also Body fat
content; Fat-free mass; Fat mass;
Obesity and overweight

adolescents, 142, 178, 181
adults, 1078-1103
and BMR, 131, 141
CLA and, 836-837
and energy expenditure, 65, 112, 117,

131-135, 138, 139, 141
gender differences, 128, 142, 1078-1103
genetic factors, 144, 146
NHANES III data, 124, 125, 130, 982,

1078-1103
pregnancy and, 188, 191-192
protein deposition, 626-629, 644
and reporting of dietary intakes, 117
research recommendations, 225, 240
and sensitivity to nutrients, 92
and TEE, 132
undernutrition and, 220

Body fat content. See also Body Mass Index;
Fat mass

adults, 111, 124-125, 126, 128-130, 131,
1078-1101

amino acid intake and, 713
bioimpedance data, 124
BMI and, 121, 124-125, 126, 128-130,

1080-1087, 1098-1101
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and cancer, 379
gender differences, 1078-1101
height and, 125, 128-130, 1078-1081,

1088-1089
infants, 142, 621
obesity, 126
physical activity and, 57, 61, 139, 180,

181
protein intake and, 843
reserves, 111, 220
and triceps skinfold, 125, 128, 1080-

1081, 1086-1087, 1092-1093, 1100-
1101

and waist circumference, 1084-1085,
1094-1099

and weight, 1090-1091
Body Mass Index (BMI)

adults, 35, 36, 121, 124-130, 131, 310,
1078-1087, 1098-1103

and body fat content, 121, 124-125, 126,
128-130, 1080-1087, 1098-1101

and cancer, 238-239
and CHD, 124, 232-233
children, 35, 36, 65, 130-131, 216, 814,

1114-1121
and chronic disease, 224, 226-239,

 303
cutoffs, 121, 126
defined, 121
and diabetes type 2, 124, 226-229
fat intake and, 814
fiber consumption and, 352, 379, 383,

384
gender differences, 125-129, 1078-1087,

1098-1103
glycemic index and, 313
healthy, 121, 124, 126
and height, 1080-1081
as indicator of energy requirement, 121,

124-131
infants, 1106-1114
methodological issues, 121, 124-125
and mortality, 484
obesity, 126, 204, 216, 310, 313
PAL and, 220, 223, 814, 911
previous median vs. new median, 35
protein intake and, 843
reference heights and weights and, 35,

36, 124, 125, 126, 127-130
saturated fatty acid intake and, 484
sugar intake and, 65, 310, 313, 316-319

and triceps skinfold, 1080-1081, 1086-
1087, 1100-1101

waist circumference used with, 124-125,
127, 1080-1081, 1084-1085, 1098-
1099, 1102-1103

and weight, 1080-1081
Body weight. See Weight
Bogalusa Heart Study, 307, 310, 314-315,

792-793, 815
Bone mineral density, 66, 180, 276, 928
Brain

amino acids, 704-705, 707, 709, 710, 711,
714, 721, 724, 731, 732, 734, 735

carbohydrate utilization, 38, 265, 273,
276, 277, 278, 279, 280, 284, 285-289,
430

chemistry, 704-705, 707, 709, 710, 711,
714, 721, 731, 732, 734, 735

cholesterol synthesis by infants, 545, 548
glucose metabolism, 38, 265, 273, 276,

277, 279-280, 285-289
macronutrients needed by, 771
pituitary adenomas, 396
polyunsaturated fatty acid deficiency

and, 444-445, 466, 468
Bran, 350, 353, 355, 356, 359, 367, 368, 371,

372, 378, 394, 395, 838
Breast cancer

arginine and, 698-699, 700
BMI and, 238-239
case-control studies, 54, 378
cholesterol intake and, 568, 574-575
conjugated linoleic acid and, 837, 838
cross-cultural studies, 54, 377-378
epidemiological studies, 54
fat intake and, 54, 55, 486, 512-513, 808,

843
fiber intake and, 56, 377-380
intervention studies, 378-379
monounsaturated fatty acid intake and,

819
physical activity and, 57
polyunsaturated fatty acids and, 825, 833
prospective studies, 378
protein intake and, 843-844
sugar intake and, 319-320

Breastfeeding. See also Human milk; Infants;
Lactation

and energy expenditure, 165
recommendations, 31, 45, 171, 281, 662

Butyrate, 56, 348, 349, 361, 371, 375
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C
Calcium, 281, 391, 394, 431, 592, 789, 790-

793, 811, 812, 813, 835, 838, 840,
841, 1204-1211, 1214-1221, 1224-
1225, 1228-1243

Canada
dietary intake data, 295, 473, 479, 481,

692, 1066-1075
fiber definitions and guidelines, 340, 349
Food Guide to Healthy Eating, 771
human milk intake and composition,

172-173
physical activity recommendations, 883

Canadian National Institute of Nutrition, 979
Canadian Paediatric Society, 31, 32, 45, 46
Canadian Society of Exercise Physiology, 883
Cancer. See also individual histological sites

amino acids and, 54, 698-699, 700, 708,
710, 711, 713, 719, 722, 732, 843

BMI and, 238-239
body fat and, 379
carbohydrate intake and, 55, 319-321
cholesterol and, 54, 568, 570-579
CLA and, 427
energy intake and, 54
evidence about dietary factors, 53
fat intake and, 54-55, 375, 376, 484, 486,

512-513, 808
fiber intake and, 54, 55-56, 319, 321, 339,

373-380, 396, 398
glycemic index of foods and, 310-311,

319, 321
high fat, low carbohydrate diets and, 808
hormone-related, 56
monounsaturated fatty acids and, 55,

486, 819
physical activity and, 56-57
polyunsaturated fatty acids and, 54, 824-

825, 833-834
protective effect of nutrients, 54, 55, 819,

833-834
protein intake and, 54, 843-844
sugars and, 54, 55, 319-320, 321, 323

Caproic acid, 425
Caprylic acid, 425
Carbohydrate, dietary. See also Glucose;

Glycemic index; High fat, low
carbohydrate diets; Low fat, high
carbohydrate diets; Starch; Sugar;
individual life-stage groups

adaptation to starvation, 277-278, 293

adverse effects of overconsumption, 295-
323

aging and, 289
AIs, 32, 280-283, 944
AMDRs, 15, 285, 769, 785, 809, 816
amino acids and, 275, 276, 701, 731,

732-733
animal derived, 342; See also Fiber
and BMR, 196
brain utilization, 38, 265, 273, 276, 277,

278, 279, 280, 284, 285-289, 430
Canada, 295, 1068-1069
and cancer, 55, 319-321
and CHD, 59, 303, 797, 798-799, 800-801
classification, 265-266
clinical effects of inadequate intakes,

275-276
compared to other nutrient intakes,

1226-1243
and dental caries, 296-297
and diabetes type 2, 63, 302, 303, 306-

307, 785
dietary intakes, 46, 65, 265, 294-295, 770-

771, 943, 944, 1032-1035, 1068-1069,
1226-1243

digestion, 272
EARs, 4, 6, 277-280, 284, 285-289, 290-

293
energy contribution, 280, 281, 294-295,

770-771, 813, 1034-1035, 1226-1243
epidemiological studies, 783, 785, 800-

801
fatty acid synthesis, 275, 277, 433
food sources, 265, 280-281, 294, 771
function, 4, 38, 265
and growth, 280-281, 922-923
hazard identification, 295-321
high-carbohydrate diets, 295, 297, 438,

769, 772-792, 795
in human milk, 281-283, 292
intake assessment, 323
intervention studies, 785, 786-787
intestinal absorption, 60, 272-273, 281,

323, 369
by life stage and gender group, 6, 280-

293, 988-991, 1032-1033, 1068-1069
and lipid oxidation, 917-923
and lipid profile, 275, 277, 278-279, 297-

303, 781, 782-784
low carbohydrate diets, 293, 430, 784,

792-810
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malabsorption, 397
and mental health, 276
metabolism, 38, 64, 190, 196, 273-275,

424
and micronutrient inadequacies or

excesses, 812, 816, 1226-1243
and obesity, 65, 275, 307, 310-319, 769
and physical activity, 64, 318-319, 452,

917-923
planning intakes, 956-957, 964
RDAs, 4, 6, 47, 265, 285, 289-290, 292,

293
research recommendations, 323-324
special considerations, 283, 293
TEF, 110, 114
total, 63, 956-957

Carbohydrate-free diet, 277-278, 281, 287-
288, 289, 293, 701

Carbon metabolism, 605-607
Carboxymethylcellulose gum, 367, 382
Carboxypeptidases, 599
Cardiac arrhythmias, 59, 60, 427, 829, 927
Cardiovascular disease. See also

Atherosclerosis; Coronary artery
disease; Coronary heart disease

cholesterol intake, 546, 548, 549, 560,
562

lipid profile and, 302, 562-569
monounsaturated fatty acids and, 485-

486
physical exercise and, 60-61, 927

Carnitine, 430, 607, 608, 723, 724
Carnosine, 721
Carotenoids, 424, 785, 792-793
Catecholamines, 608, 735
Caucasians

carbohydrate-free diet, 275
energy expenditure, 145-146
pubertal development, 33

Cell growth and proliferation, 55
Cell surface adhesion proteins, 490
Cellulose (dietary or functional fiber), 344-

345, 348, 350, 351, 356, 358, 359,
367, 371, 372, 382, 390, 394

Centers for Disease Control and Prevention,
130, 216

Cereals and cereal fiber, 55-56, 359, 363,
364, 369, 370, 373, 377, 378, 380-381,
387, 388, 394, 399, 788

Chicago Western Electric Study, 562, 826-
827, 828

Children, ages 1 through 8 years. See also
Life-stage groups; Toddlers

added sugars, 294, 812-813, 816, 1204-
1205

AIs, 26-27, 32, 34, 385-386, 463, 469-470
allergies, 692
AMDRs, 769, 816, 826, 844, 941, 945
amino acids, 25, 589, 614, 619, 664-670,

672-673, 686, 687, 689, 702-703, 720
aortic fatty streaks, 815
aspartame, 702-703
BMI, 35, 36, 65, 130-131, 216, 310, 814,

1114-1127, 1128-1139
BMR, 141, 171, 1114-1121
bone mass, 66
brain development, 284, 286-287, 288-

289, 608-609
carbohydrates, 65, 265, 284-285, 294,

295, 769, 813, 1226-1231
chronic disease risk in adulthood, 130,

814-815
congenital defects of amino acids, 619,

697
constipation, 370-371, 385-386
dental caries, 296
derivation of DRIs, 32
diarrhea, 438
EARs, 25, 32, 34, 46-47, 284, 631, 664-

669, 672-673
EERs, 107, 130-131, 168-170, 171, 174-

177, 216-219
energy expenditure, 116, 134-135, 138,

141, 146, 148, 161-164, 174, 1114-1127
energy intakes, 54, 65, 170, 386, 473,

474, 814, 1226-1231
epilepsy, 284
extrapolation of data from adults to, 25,

26-27, 34, 47, 284
factorial method, 628, 631, 666-669
fat (dietary), 437, 438, 441, 459, 769,

810, 814-816, 945, 1226-1227, 1230-
1231

fatty acids, 456, 1228-1231
fiber, 370-371, 385-386, 1226-1227, 1230-

1231
glucose metabolism, 286-287, 288-289
growth, 32, 47, 134, 142, 151, 167-168,

174, 175, 221, 222, 437, 441, 456,
459, 609, 611, 810-811, 839-840, 922-
923

high fat, low carbohydrate diets, 814-816
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hyperactivity, 295
hypercholesterolemia, 811
lipid profiles, 811, 814-815
low fat, high carbohydrate diets, 438,

810-814
malnutrition, 167, 608-609, 839
methodological considerations, 25, 47-48
micronutrient intakes with

macronutrients, 220, 811-814, 816,
1204-1205, 1228-1231

nitrogen balance studies, 624-627, 664-
666

of obese parents, 133
obesity or overweight, 65, 130, 134, 140,

153, 216-219, 307, 310, 312-313, 459,
811, 814, 923, 1168-1179, 1200, 1202

PAL, 166, 1122-1127, 1128-1139, 1168-
1179

phenylketonuria, 619
physical activity, 66, 138, 140, 146, 171,

174, 880, 883, 902-907, 911-912, 924
polyunsaturated fatty acids, 438, 444,

463, 469-470
protein, 25, 284, 608-609, 611, 624-629,

631, 667-669, 686, 687, 689, 692, 769,
811, 839-840

RDAs, 25, 34, 47, 265, 285, 631-632, 670,
672-673

saturated fatty acids, 474, 816, 835, 1226-
1227, 1230-1231

special considerations, 216-219
stunting, 151, 217, 220, 221, 222, 811,

840
sugar intakes, 307-310, 813-814, 1204-

1205
TEE, 134-135, 148, 161-164, 166, 174,

217, 1114-1127, 1128-1139, 1168-
1179, 1200, 1202

TEF, 134, 171
toddlers (1 to 3 years), 32, 35, 130, 132-

135, 166, 167-170, 284, 285, 386, 463,
470, 626-628, 631, 632, 664, 672, 686,
687, 689, 769, 816, 1106-1123, 1128-
1129, 1226-1231

trans fatty acids, 456
UL derivation for, 34
underweight, 130, 811
urea synthesis defects, 699
wasting, 840
weight control, 216-219
weights and heights, reference, 34, 35,

130, 132-137, 176, 178, 983

Chinese restaurant syndrome, 715-716
Chitin and chitosan (functional fiber), 345,

351-352, 384, 395-396
Chloride, 725
Cholesterol (dietary)

absorption, 4, 60, 359, 369, 543-544, 561
animal studies, 548, 562
adverse effects of, 549, 558-573
balance studies, 543-544
and cancer, 54, 568, 570-579
and cardiovascular disease, 546, 548,

549, 560, 562
and CHD, 58, 542, 548, 562-569, 572,

573, 836
and diabetes type 2, 563
dietary intake, 549, 550-559, 563, 960,

1058-1059
dose–response assessment, 568-573
epidemiological studies, 562-569
food sources, 48, 544, 545, 546-549, 836
function, 4, 542, 543
hazard identification, 549-568
high cholesterol diets, 545, 836
by life stage and gender group, 546-549,

1058-1059
and lipid profile, 544-545, 548-562, 563,

568-569, 573
and lipoprotein metabolism, 544-545,

548-562, 563, 568-569, 573
low cholesterol diets, 546, 561, 835
metabolism, 4, 429, 544-546, 562
oxidation products, 545-546
reducing intakes, 836
research recommendations, 574-575,

578
risk characterization, 573-574

Cholesterol (plasma/serum total), 572. See
also HDL cholesterol; LDL
cholesterol

amino acids and, 721, 724
and cardiovascular disease, 546, 548,

549, 560, 562
and CHD, 58, 542, 548, 562-569, 572,

573, 836
cholesterol intakes and, 550-561
fat intake and, 58, 544, 550-559, 560, 809
fiber intake and, 4, 59-60, 339, 351, 352,

354, 355, 356, 357, 358-359, 360, 361,
365-368

genetic factors, 58, 544, 545, 546, 561-562
glycemic index and, 302
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interindividual variation, 560-561, 562
monounsaturated fatty acids and, 58,

486, 817-818
polyunsaturated fatty acids and, 58, 59,

560
protein intake and, 60, 840
saturated fatty acid intake and, 481, 482,

560, 561, 809
trans fatty acids and, 58, 494-495

Chronic diseases. See also individual diseases
BMI and, 224, 226-239, 303
body weight gain and, 224, 226-239
fat-related risks, 437-438, 460
knowledge gaps on intake relationships

to, 771-772, 970
physical activity and, 912-917
preventive effects of macronutrients, See

Protective effects of macronutrients
protein intakes and, 694

Chylomicrons, 429, 430, 432, 543, 544
Citric acid cycle, 430, 606
Citrulline, 604, 607, 717
Climate, and energy expenditure and

requirements, 146-149
Collagen, 593, 595, 729
Colon cancer

ammonia and, 375, 377
animal studies, 377
BMI and, 238-239
cholesterol intake and, 568, 576-577
colonic adenomas, 56, 238-239, 321, 371,

374, 375-376, 398
epidemiological studies, 373-374
fat intake and, 54, 55, 371, 486, 514-515,

808
fiber intake and, 55-56, 321, 348, 373-

377
glycemic index of diet and, 310-311, 321
intervention studies, 374-375, 376-377
markers for, 374
monounsaturated fatty acids and, 819
physical activity and, 56-57
polyunsaturated fatty acids and, 833
protein intake and, 843
risk factors, 373

Colon health, fiber and, 55-56, 339, 348,
358, 370-377, 385-386, 388

Colonic adenomas, 56, 238-239, 321, 371,
374, 375-376, 398

Colorectal cancer, 54, 55, 321, 486, 514-515,
808, 833, 837

Conjugated linoleic acid (CLA)
and body composition, 836-837
and cancer, 427, 836-838
dietary intakes, 481
evidence considered for estimating

requirements, 447
food sources, 480-481
function, 428-429
metabolism, 428
protective effects, 428, 836-838
supplements, 837

Constipation, 353, 355, 358, 370-371, 372,
379, 385-386, 388

Continuing Survey of Food Intakes by
Individuals

adjustments to data, 49-50
dietary intake data, 294-295, 314-315,

391, 457, 461, 473, 474, 477, 478,
480, 549, 695, 788, 790-791, 799, 943,
1028-1065, 1226-1243

survey design, 49
Copper, 721, 723, 790-791
Cori cycle, 287, 607
Corn syrups, 266, 294
Coronary artery disease, 60-61, 434, 563,

815, 842-843. See also Coronary heart
disease

Coronary heart disease
amino acids and, 726
aortic fatty streaks during childhood

and, 815
BMI and, 124, 232-233
carbohydrate intake and, 59, 303, 797,

798-799, 800-801
cholesterol intake and, 58, 542, 548, 562-

569, 572, 573, 836
epidemiological studies, 362-365, 562-

569, 797-798, 800-801, 817, 820-821,
826-828

fat intake and, 58-59, 437-438, 460, 769,
797-799, 802

fiber intake and, 59-60, 322, 339, 356,
362-368, 369, 387-388, 389, 563

gender and, 363, 364
genetic factors, 57
glycemic index and, 303, 308-311
high fat, low carbohydrate diets, 797-

802, 814-815
homocysteine and, 726
intervention studies, 365-368, 798-799,

817-818, 821, 828-831
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lipid profile and, 57, 60, 356, 481-484,
542, 548-549, 562-569, 573, 798-799,
815

low fat, high carbohydrate diets and,
437-438, 772, 777-784

monounsaturated fatty acids and, 58-59,
817-818

obesity and overweight and, 130, 815
physical activity and, 60, 797, 886-887, 924
polyunsaturated fatty acids and, 59, 62-

63, 427, 434, 455, 492, 770, 798-799,
820-821, 826-831

pregnancy, 389
protein and, 60
prothrombotic markers, 799, 802
randomized controlled clinical trials,

828-829
risk factors, 57, 563
saturated fatty acids and, 422, 481-484,

797, 798, 799
sugar intake and, 303, 800-801
trans fatty acids and, 58, 423, 504, 510-513
tricylglycerol and, 57-58, 59, 437

Cortisol, 189, 715
Creatine/creatinine, 603, 604, 607, 608,

609, 620, 647, 684, 697, 842
Critical endpoints, 93, 98, 99, 101, 102
Cysteine/cystine (dispensable), 589, 591,

592, 593, 594, 601, 607, 608, 614,
663-665, 666, 668, 672-675, 677, 678,
679-682, 683, 685, 686, 687, 689, 711-
712, 736, 998-999

D
Data and database issues

adjustments to survey data, 49-50
critical data set, 98
dietary intake data, 49-50, 117
for dose–response assessment, 98, 101-103
quality and completeness of data, 2-3,

40, 43, 44, 46, 85, 86, 90, 97, 99, 180,
479, 969

research needs, 969-971
selection for dose-response assessment,

90, 98
statistical analysis, 612-613
uncertainties in, 86, 99, 1246
validation of dietary intake data with, 117

Dehydration, 926-927
Dental caries, 61-62, 296-297, 323

Department of Health Survey of British
School Children, 307-310, 314-317,
792-793

Depletion-repletion studies, 40-41
Dermal effects of amino acids, 733-734, 735
Dermatitis, 5, 442, 444, 460
Developmental effects. See also Growth and

development
of amino acids, 708-710, 724, 732
of functional fiber, 396
of n-3 polyunsaturated fatty acid

deficiency, 444-447
Dextrose, 295
Diabetes mellitus, type 1, 268, 275
Diabetes mellitus, type 2

adults, 268, 388, 784-785
and amino acids, 704
BMI and, 124, 226-229
carbohydrate intake and, 63, 302, 303,

306-307, 785
cholesterol intake and, 563
epidemiological studies, 380-381, 785,

803, 832
fat intake and, 62-63, 437-438, 460, 802-

808
fiber intake and, 63, 352-353, 354, 355,

359-360, 380-382, 388
gender differences, 380, 381
genetic factors, 62
glycemic index and, 63, 302, 304-307,

308-309, 322
glycemic response, 268, 271
HDL cholesterol and, 308-309
high fat, low carbohydrate diets and,

802-808
insulin resistance, 63, 275, 303, 306-307,

308-312, 784-785
intervention studies, 381-382, 785, 786-

787, 806-807, 832-833
lipid profile, 308-309
low fat, high carbohydrate diets and,

437-438, 772, 784-785
monounsaturated fatty acids and, 819
obesity and overweight and, 802, 803
physical activity and, 63-64
polyunsaturated fatty acids and, 494,

821, 832-833
protective effects of nutrients, 380-381
risk factors, 57, 62, 563
saturated fatty acids and, 484-485
sugar intakes and, 303



1288 INDEX

Diabetes Prevention Program Research
Group, 806-807

Dialysis, 722
Diammonium citrate, 594
Diarrhea, 397, 398, 438, 693
Diet and Reinfarction Trial (DART), 828
Dietary and Nutritional Survey of British

Adults, 314-315, 316-317, 318-319
Dietary Approaches to Stop Hypertension

diet, 798
Dietary intakes. See also individual nutrients

adjustment of data, 49-50, 103, 938, 941-
942, 943

assessment of, 88-89, 90, 118, 323, 436
and bioavailability, 940, 944
breast-fed infants, 45, 624, 939-940
Canadian, 1066-1075
and chronic disease, 970
corroboration of, 437
day-to-day variations in, 49, 938, 940,

941-942, 943
energy density of foods and, 794-796
food composition databases, 48, 49-50,

941
food frequency questionnaires, 939
food quotient from, 120
form of, 96 n.2
gender differences, 265, 294, 473, 474,

692, 988-1065
menu samples, 392-393
methodological issues, 42, 48, 49-50,

110, 116, 117-118, 307, 312, 313, 322,
563, 624, 643, 936-937

self-reported, 42, 48-49, 64, 117-118, 307,
479, 938

sources of data, 49-50
underreporting, 42, 49, 110, 117-118,

313, 643, 794, 936-937, 944, 956
using data from, 937-939, 940

Dietary Intervention Study in Children
(DISC), 812, 814

Dietary Reference Intakes (DRIs)
applicable population, 30, 202
assessment applications, 16-18, 23-24,

936, 937-941
categories, 2, 22-28; See also Acceptable

Macronutrient Distribution Ranges;
Adequate Intakes; Estimated Average
Requirements; Recommended
Dietary Allowance; Tolerable Upper
Intake Levels

criteria for, 3, 5-13, 21-22, 44
defined, 2, 3, 21-22
extrapolation from other age groups, 26-

27, 31-32, 34, 101, 982-984
framework, 36, 979-981
group applications, 16-18, 23-24, 941-

945, 947-949
individual applications, 26, 30, 937-941,

946
origin, 978-979
parameters for, 29-36; See also Life-stage

groups; Reference weights and
heights

planning applications, 24, 936, 946-949
rationale for, 1, 978-979
sources of data, 2-3, 36, 43-44; See also

Methodological considerations
uses, 16-18, 28, 936-966
WHO/FAO/WHO approach compared,

24
Direct amino acid oxidation (DAAO)

method, 615-617, 618, 619, 670-671,
676-678

Disaccharides, 265, 266, 272, 281, 342
Diverticular disease, 371-372, 388
Docosahexanoic acid (DHA), 9, 55, 59, 62,

427, 435, 439, 440, 443, 444-446, 447,
453, 455-456, 466, 468, 469, 470, 471,
472, 478, 487, 492, 494, 770, 826,
828, 829, 833, 1056-1057

Docosapentaenoic acid, 426, 427, 1054-1055
Dose–response assessment. See also

individual nutrients
animal studies, 96, 98, 100
components and process, 87-88, 95
critical endpoint, 93, 98, 99, 101, 102
data quality and completeness, 98, 101-

103
data selection, 90, 98
defined, 974
derivation of UL, 90, 98, 101
human studies, 98
LOAEL/NOAEL identification, 90, 98,

99-100, 102
special considerations, 100, 101
uncertainty assessment, 98, 100-101

Doubly labeled water method
advantages, 120
BEE predictions, 1104-1202
data analysis and assumptions for

equations, 43, 154-157, 183
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description of database, 151-157
EAR determination, 47
factorial method compared, 119
inclusion/exclusion criteria, 152-154
methodological issues, 120-121, 152, 198
normative database, 151-153, 154-155
overweight and obese database, 153,

156-157
prediction equations, 154-157
pregnant women, 193, 196-197, 290
representativeness of sample, 152
statistical analysis of studies, 43
TEE predictions, 116, 117, 119-121, 122-

123, 138-139, 141, 151-157, 166, 174,
193, 198-199, 201, 291, 1104-1202

validation of dietary intake data with,
117

whole-body calorimetry results
compared, 120, 122-123

Duodenal ulcer, 370, 372

E
Eating behavior

amino acid supplementation and, 707,
709, 710, 713, 730, 731-732

appetite sensations and, 795
cognitive factors, 796
energy density of foods and, 794-796
palatability of foods and, 795, 809

Eating disorders, 928
Eicosanoic acid, 426
Eicosanoids

metabolism, 9, 55, 423, 434, 454, 825,
833, 838

proinflammatory, 59
Eicosapentanoic acid (EPA), 9, 55, 59, 62,

427, 435, 439, 443, 453-454, 460, 466,
469, 470, 471-472, 478, 487, 492-493,
494, 770, 826, 828, 829, 832, 833,
1052-1053

Eicosatrienoic acid, 439, 440, 442
Elaidic acid, 427, 436, 495
Endometrial cancer, 56, 57, 379, 844
Endorphins, 916
Endothelial function, 59
Energy balance, 107, 111-112, 164

adaptation, 149-151, 201, 220, 223-224,
452

negative, 213-215

physical activity and, 4, 5, 57, 65, 116,
138, 143, 157-161, 184, 221-223, 452,
884-912

research recommendations, 225, 240,
323-324

and weight, 65, 150, 212, 214, 220
Energy density of foods and, 64, 794-796
Energy expenditure. See also Basal energy

expenditure; Resting energy
expenditure; Total energy
expenditure; individual life-stage
groups

age/aging and, 117, 143-144, 157, 158,
159-161, 181, 183

altitude and, 149
BMR and, 112-114, 115, 131, 141, 164-

165, 171, 178-179, 185, 188-190, 195
body composition and size and, 65, 112,

131-135, 138, 139, 141
climate and, 147-148
environment and, 147-148, 149
ethnicity and, 145-146
factors affecting, 131-151, 165
gender differences, 108, 114, 132, 140-

141, 143, 148, 157, 158, 217
genetics and, 144-145
and growth rate, 134, 164, 190-192
height and, 157, 159-161
lactation and, 116, 198-199
measurement of, 118-121, 122-123, 140
obesity and overweight and, 111, 122-

123, 133-135, 138, 140, 209, 212, 216-
219

of physical activity (EEPA), 115-116, 117,
133, 138-140, 141, 143-144, 145-146,
147, 183, 190, 209, 212, 884-913

postexercise, 139
pregnancy, 189, 193
research recommendations, 225, 240
RMR and, 112, 131, 132, 141, 148, 165
TEF and, 114, 115, 116, 150, 165, 171
and thermoregulation, 114
weight and, 132, 135, 141, 150, 159-161,

183, 184, 186, 206-213, 215, 889, 891-
895, 951

Energy intake. See also Acceptable
Macronutrient Distribution Ranges;
individual macronutrients and life-stage
groups

adaptation to, 149-151, 201, 220, 223-
224, 452
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adverse effects of overconsumption, 54,
57, 110, 223-239

alcohol contribution, 109, 771, 1064-
1065

assessment, 48, 225, 954-956
Canada, 1066-1075
and cancer, 54
energy density of foods and, 64, 794-796
environment and, 150
FAO/WHO/UNU recommendations,

170
and glycemic index of foods, 269, 313,

320, 322
for groups, 952-954, 955-956
hazard identification, 223-224
indicators of adequacy or inadequacy,

110-111
of individuals, 949-952, 955
interrelationships of nutrients, 39, 103,

770-771, 964
intra-individual variability, 111
by life stage and gender group, 1028-

1031, 1034-1035, 1040-1041, 1062-
1067, 1072-1075

and obesity, 54, 65, 111, 307, 310, 312,
313, 322, 794

planning, 949-954, 963
research recommendations, 225
restricted, 54
sugar contribution, 65, 118, 273, 307,

310, 313, 314-315, 770
total, 1034-1035
underreporting, 42, 49, 117-118, 643,

794, 956
and weight, 223-224, 793-794, 951-952
yields from substrates, 108-110

Energy metabolism, 289
Energy mobilization from tissues, 199-200
Energy requirements. See also Estimated

Energy Requirements
accommodation, 151
adaptation, 150
age/aging and, 183, 647
athletes, 221-223
BMI and, 121, 124-131
BMR and, 164-165, 171, 178-179, 185,

188-190, 195-196
brain, 278
climate and, 146-147, 149
environment and, 146-147
factors affecting, 131-151

FAO/WHO/UNU criteria, 111-112
genetics and, 144
for growth, 45, 116-117, 142, 166-168,

174, 177, 181, 190-192, 441
measurement, 160-161
nutrient requirements compared, 110-

111
obesity and overweight and, 110, 132-

133, 135, 138, 202-213, 216-219
physical activity and, 38, 138-140, 157-

161, 166, 171, 174, 175, 176-181, 182,
183-184, 190, 197-198

pregnancy, 290
research recommendations, 225
restoration of normal weight, 220-221
special considerations, 202-223
TEF and, 165, 171, 190, 196-197
thermoregulation and, 165-166
total, 200-201
weight and, 112, 183, 184, 220

Environment
altitude, 149
climate, 146-149
and energy expenditure and

requirements, 146-149
Eosinophilia-myalgia syndrome (EMS), 733
Eosinophilic fasciitis, 733, 734
Epidemiological studies. See also

Observational studies
analytic studies, 41, 42
breast cancer, 54
carbohydrates, 783, 785, 800-801
CHD, 362-365, 562-569, 797-798, 800-

801, 817, 820-821, 826-828
cholesterol, 562-569
colon cancer, 373-374
diabetes risk, 380-381, 785, 803, 832
fiber and disease prevention, 343-344,

362-365, 368, 373-374, 380-381, 382-
383

glucose metabolism, 380-381
hazard identification, 95, 96
high fat, low carbohydrate diets, 792-

794, 797-798, 803
hyperlipidemia prevention, 362-365
hypertension prevention, 362-365
insulin sensitivity, 380-381
limitations, 41, 42, 95, 322
low fat, high carbohydrate diets, 783, 785
methodological issues, 40, 41-42, 322, 569
monounsaturated fatty acids, 817



INDEX 1291

obesity risk, 792-794, 796-797
physical activity, 912-917
polyunsaturated fatty acids, 820-821, 826-

828, 832
satiety and weight maintenance, 382-383
sugar and chronic disease, 800-801
trans fatty acids, 510-515

Esophageal cancer, 844
Estimated Average Requirements (EARs).

See also individual nutrients and life-
stage groups

coefficient of variation, 24-25
cut-point method, 943, 952
data quality and completeness, 969
defined, 3, 22-23
derivation of, 28, 34, 47, 631
evidence considered for, 46-47, 277-280,

284, 285-293, 646-648, 656-659, 664-
669

extrapolation on body-weight basis, 34,
44, 45, 47

factorial method, 631
indicators of adequacy, 6, 28, 110
method used to set, 23, 46-47, 624-629,

635, 637-639, 666-669, 681-682, 981-
982

prevalence of intakes below, 789
and RDA, 23, 24
reported energy intakes and, 117-118
standard deviation, 24-25, 629
uses, 23-24, 688, 936, 938-939, 943-944,

947-948
Estimated Energy Requirements (EERs). See

also Energy requirements; individual
life-stage groups

averaging for group members, 953-954
criteria for, 5
defined, 3, 4, 22, 107, 202
derivation of, 107, 116-117, 168-170, 174-

177, 181-182, 184-185, 193-197, 201-
203

evidence considered in determining,
116, 164-168, 171-174, 177-181, 183-
184, 185, 188-193, 195-201

gender differences, 169-170, 176-179,
185, 202-203

indicator selection for, 117-131
by life stage and gender group, 5, 164-

223
menu samples, 392-393
methodological issues, 202-203

for reference person, 952-953
special considerations, 30, 202-223
TEE and, 149-150, 166, 168-169, 174,

176, 181, 183, 188, 193, 200-201, 202,
208

uses, 951, 952-953
Estrogen, 56, 378-380, 543, 921
Ethanolamine phosphoglycerides, 435
Ethnicity. See Race/ethnicity; individual

ethnic groups
EURAMIC study, 827
European Center Prevention Organization

Study, 398
Excretion. See also individual nutrients
Explorers, high-protein diets, 693
Exposure

acceptable or tolerable, 86-87
assessment, 88-89, 90
duration of, 96, 99
route of, 96, 98, 713

F
Factor VII activity, 369, 799
Factorial approach, 25, 118-119

amino acids, 614, 666-669
children, 628, 631, 666-669
DLW method compared, 119
PAL evaluation, 118, 899-902
protein, 610-611
TEE, 116

Fat (dietary), total. See also Fatty acids; High
fat; Lipids and lipid metabolism; Low
fat; Phospholipids; Triacylglycerol or
triacylglyceride

absorption, 4, 60, 339, 351-352, 369, 375,
429, 442, 447, 450-452

adaptation to, 452
adverse effects of, 58, 481
AIs, 4, 9, 32, 456-457
and alcohol metabolism, 453
AMDRs, 15, 422, 423, 440, 481, 769, 785,

809, 816, 945
animal studies, 40
assessment of intakes, 959
balance, 441, 452
and bioavailability of vitamins, 424, 785,

788-792
and BMI, 814
and cancer, 54-55, 371, 375, 376, 484,

486, 512-515, 808



1292 INDEX

carbohydrate ratio, 437
and CHD, 58-59, 437-438, 460, 769, 797-

799, 802
and chronic disease risk, 437-438, 460
and diabetes type 2, 62-63, 437-438, 460,

802-808
dietary intakes, 46, 49, 64, 118, 457, 473,

959, 1038-1041, 1070-1071, 1226-1227
energy contribution, 64, 109, 424, 430,

437, 441, 473, 769, 771, 814, 1040-
1041, 1070-1071, 1226-1227

evidence considered for estimating
requirements, 440-441

excretion, 431, 447
factors affecting requirements, 447, 450-

452
fiber and, 4, 351-352, 367, 369, 375, 376,

808
food sources, 48, 54, 280, 424, 448-451,

457, 473
function, 4, 38, 424-425
gastric emptying, 438
gender differences, 473
genetic factors, 452
and glucose intolerance, 802-808
and glycemic index of foods, 269
glycerol metabolism, 289, 430, 784-785,

802-909
and growth, 280, 437, 441, 457, 459
high fat diets, 452, 769, 772, 792-810
inadequate intakes, 437-438
and insulin sensitivity, 62, 303, 430, 437,

438, 802-808
intervention studies, 64, 794-796
by life stage and gender group, 9, 456-

460, 1038-1039, 1040-1041, 1070-1071
and lipid profile, 58, 429, 437, 483, 544,

550-559, 560, 777-782, 809, 815
low fat diets, 359, 366, 375, 378-379, 438,

442, 772-792
malabsorption, 442, 452
and metabolic syndrome, 802
and micronutrient intakes, 808-809, 816
and obesity, 64, 459, 460, 772, 773-776,

792-797, 802, 803, 814
oxidation, 452, 810, 832, 922
physical activity and, 430, 452, 773
planning intakes, 959
polyunsaturated intake and, 58
protein and, 60, 271, 693
research recommendations, 324, 505, 514

saturated fat intake and, 58, 799
special considerations, 457
stores, 595; See also Body fat
TEF, 114
and weight, 441, 452, 773-776, 809

Fat-free mass
energy expenditure and, 112, 113, 128,

131, 186, 212
height and, 125, 128-130
measurement, 121
and metabolic rate, 131, 139
physical activity and, 139, 923
and protein status, 609
puberty and, 142

Fat mass, 121, 125, 128-130, 142, 814, 923
Fat-soluble vitamins, 94
Fatigue, 706, 733, 920
Fatty acids. See also Fat, total;

Monounsaturated fatty acids;
Polyunsaturated fatty acids; Saturated
fatty acids, n-3; Trans fatty acids

alcohol consumption and, 453
from carbohydrates, 275, 277, 433
categories, 424
dietary intakes, 1228-1243
energy contribution, 349, 1228-1243
from fiber, 348, 361, 371, 372
food sources, 48
function, 38, 424-425
integrated dietary planning, 964
metabolism, 189, 275, 277, 348, 361,

371, 372, 425, 430-431, 453
oxidation, 166, 279, 430, 432, 440, 453,

920
storage, 430
transport, 429, 430, 432

Federation of American Societies for
Experimental Biology, 713, 716

FELS Longitudinal Study, 174, 181
Female athlete triad, 928
Fetus

amino acids, 708-709, 732
congenital defects, 728
energy cost of tissue deposition, 190-192
energy expenditure, 185, 437
fatty acid metabolism, 433, 436, 445
glucose metabolism, 189-190, 290-292, 910
hypoxemia, 910
intrauterine growth delay, 728
neural tube defects, 726
protein, 839
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Fiber, dietary or functional, 957-958. See also
individual sources of fiber

absorption, metabolism and excretion,
348-349

adverse effects of, 377, 391-395
allergic reactions, 396, 397, 399
animal studies, 351, 361, 377
and appetite, 383
and Bacteriodes, 357
between-country studies, 377-378
and Bifidobacteria, 354
and BMI, 352, 379, 383, 384
C-peptide response, 353, 361
Canadian guidelines, 340, 349
and cancer, 54, 55-56, 319, 321, 339,

348, 373-380, 396, 398
case-control studies, 378
characteristics, 341-342
and CHD, 59-60, 322, 339, 356, 362-368,

369, 387-388, 389, 563
clinical effects of inadequate intake, 361-

362
and colon health, 55-56, 321, 339, 348,

358, 370-377, 385-386, 388
definitions, 4, 339, 340-341, 342-343
description of, 344-347
developmental effects, 396
and diabetes type 2, 63, 352-353, 354,

355, 359-360, 380-382, 388
dietary, 4, 339, 340-343, 344, 345, 346,

347, 348, 349, 355, 361-369, 370-384,
385-387, 390, 391, 394-395, 771, 788,
808, 838

diverticular disease prevention, 371-372,
388

and duodenal ulcer, 370, 372
energy contribution, 348, 349, 371, 372,

383, 385, 386, 388, 788
epidemiological studies, 343-344, 362-

365, 368, 373-374, 380-381, 382-383
and estrogen, 56, 378-380
evidence considered for estimating

requirement for, 362-384
examples of, 343
and fat absorption, 4, 339, 351-352, 367,

369, 375, 376
fatty acid metabolism, 348, 361, 371,

372
fermentation of, 56, 348, 355, 371, 372,

375
function, 38

functional, 4, 339, 340, 341, 342, 343-
344, 345, 346-347, 348-350, 355, 369,
361-362, 365, 366, 367, 369, 370, 371,
372, 374, 377, 379, 382, 388, 391,
395-399

and gastric emptying, 4, 63, 65, 339, 348,
360, 370, 379, 382, 383

and gastrointestinal health, 348, 350,
351, 352, 353-354, 355, 356, 357-358,
360-361, 370-372, 396-397, 398, 839

genotoxicity, 396
glucose response, 63, 339, 350, 351, 352-

353, 354, 355-356, 357, 359-360, 361,
380-382, 383, 388

and glycemic index of foods, 322, 360,
361, 380-381, 382

hazard identification for, 395-399
health benefits, 343
high fat diets and, 808
high-fiber diets, 297, 374, 378-379, 383,

788, 839
and hyperlipidemia prevention, 355,

362-368
and hypertension, 60, 362-368, 369
insulin response, 60, 63, 297, 306-307,

339, 351, 353, 355-356, 360, 380-382,
388

intervention studies, 344, 351, 358, 365-
368, 374-377, 378-379, 381-382, 383-
384

and Lactobacillus, 357
and laxation, 339, 350, 351, 352, 353-

354, 355, 356, 357-358, 360-361, 370-
371, 372, 385-386, 388

and lipid metabolism, 297, 350, 351,
352, 354, 355, 356-357, 358-359, 360,
361, 365-366, 388

and lipid profile, 4, 59-60, 339, 351, 352,
354, 355, 356, 357, 358-359, 360, 361,
365-368

low-fiber diets, 367, 838
measures of efficacy, 344, 350
methodological problems with trials,

376-377
and micronutrient absorption, 4, 29, 94,

348, 351-352, 369, 382, 391, 394-395,
397-398, 838

nutrition labeling, 340, 344
and obesity, 65, 352, 370, 382-384
physiological role, 343, 349-361
properties, 339
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prospective studies, 378
protective effects, 55-56, 59, 63, 322,

339, 348, 363, 367-368, 369, 372, 374,
375, 376-380

research recommendations, 399-400
and satiety, 65, 348, 382-384, 388
sources, 48, 56, 341-342, 344, 349, 350,

390, 771
special considerations, 395
supplements, 60, 361, 365, 366, 370, 371,

372, 374, 383, 394, 398
synthetic fibers, 342, 349-351
USDA database, 344, 346
and water intake, 398
and weight control, 65, 339, 351-352,

370, 382-384
Fiber, total (dietary + functional)

AIs, 4, 7-8, 322, 339, 369, 372, 384-385,
386, 389-390, 944-945

and cancer, 56, 373
definition, 4, 339, 340
and diabetes type 2, 382
dietary intakes, 339, 387, 391, 392-393,

1036-1037, 1226-1227
expression of requirement, 384-385
by life stage and gender group, 7-8, 384-

390, 1036-1037
menu samples, 392-393
planning intakes, 957-958, 964

Fibrinolysis, 60
Fish and fish oil, 55, 59, 826-828, 832
Fluoride, 297
Folate/folic acid, 375, 726, 789, 790-791,

808, 812, 816, 1228-1243
Food. See also Thermic effect of food

additives, 90, 350, 366, 391
allergies, 692
amino acid composition, 683-686, 689-

690
energy-dense, nutrient-poor, 302, 312,

794-796
palatability, 425, 795, 808, 809
plant- vs. animal-derived, 771
safety, 86-90, 104
supplementation trials, 654

Food and Agriculture Organization, 84,
110, 621, 634, 648, 684

Food Guide Pyramid, 266, 267, 391, 771
Food quotient, 119-120
Food sources. See also individual nutrients

determination of, 50

Formulas, infant
amino acids, 731, 733
bioavailability of nutrients from, 26, 31,

45, 431, 940, 944, 946
carbohydrates, 280, 283
cholesterol, 545, 548-549
FAO/WHO/UNU recommendations,

621
fat (total), 280-281, 448-451, 457
fatty acids, 461, 463, 466, 468, 479
protein, 280-281, 621

Fortified foods, 27, 85, 91-92. See also
Formulas, infant

Fructans (dietary or functional fiber), 341,
342

Fructooligosaccharides (dietary or
functional fiber), 345-346, 353-354,
396-397, 838

Fructosamine, 304-307
Fructose, 59, 266, 267, 268, 273, 274, 276,

294, 295, 297, 298-301, 302, 809, 813
Fructose-1-phosphate aldolase deficiency,

809
Fruits and vegetables, fiber and, 56, 363,

371, 373, 374, 375, 378, 388, 394, 788

G
Galactomannans, 345, 352
Galactose, 266, 273-274, 276, 281
Galacturonic acid, 345
Gallbladder disease, 234-235
γ-Linoleic acid, 426, 446, 476, 477, 824
Gastric emptying

amino acids, 615
energy density of food and, 795
fat, 438
fiber and, 4, 63, 65, 339, 348, 360, 370,

379, 382, 383
Gastrointestinal distress, fiber intake and,

394-395, 396-397, 398
Gastrointestinal health

amino acid supplementation and, 698,
700, 714, 720, 722, 724, 726, 733

fiber and, 348, 350, 351, 352, 353-354,
355, 356, 357-358, 360-361, 370-372,
396-397, 398, 839

protein intake and, 844
Gender differences. See also Men; Women

added sugars, 988-991
amino acids, 673-675, 732, 992-1027
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BMI, 125-129, 1078-1087, 1098-1103
body composition and size, 128, 142,

1078-1103
body fat, 1078-1101
and carbohydrate–lipid oxidation

balance, 921
cardiovascular disease, 60
dietary intakes, 265, 294, 473, 474, 692,

988-1065
EER, 169-170
energy expenditure, 108, 114, 132, 140-

141, 143, 148, 157, 158, 217
energy intake, 473
fat (dietary), 473
fiber, 386, 387, 389, 391
growth velocity, 33, 142, 175, 922-923
linoleic acid, 463-464
metabolic rate, 141
monounsaturated fatty acids, 474
nutrient intakes with added sugars,

1203-1225
physical activity, 921
polyunsaturated fatty acids, 8, 463-464,

470, 471, 478
protective effects of nutrients, 60
puberty onset, 33
reporting of dietary intakes, 117
saturated fatty acids, 474
weight and heights, reference, 35

Genetic factors
body composition and size, 144, 146
cancer, 55
CHD, 57
cholesterol, 58, 544, 545, 546, 561-562
diabetes mellitus, type 2, 62
energy expenditure, 144-145
energy requirements, 144
fat balance, 452
obesity, 146, 452, 784

Genetic markers of disease, 41
Genotoxicity, 396, 720
Glucagon, 189, 277
Glucated hemoglobin (HbA1c), 308-309,

322
Glucoamylase, 272
Glucocorticoids, 602
Gluconeogenesis

amino acids and, 276, 278, 288-289, 604,
606

carbohydrate-free diet and, 275-276, 277,
287-288

energy cost of, 114
glycerol from fat and, 278-279, 289, 292-

293, 430
in infants, 280
insulin and, 274
pregnancy and, 189
protein and, 278, 284, 287-288, 293
starvation and, 277

Glucoregulatory hormones, 57
Glucose, 266, 345

in human milk, 282-283
intestinal absorption, 63, 273, 383
transporters, 273

Glucose–alanine cycle, 607
Glucose–glutamine, 607
Glucose metabolism. See also

Gluconeogenesis; Insulin response
adaptation, 277-278
adolescents, 288-289
adults, 285-289, 388, 784-785
altitude and, 149
for brain utilization, 38, 265, 273, 276,

277, 279-280, 285-289
children, 286-287, 288-289
energy yields, 109, 274
epidemiological studies, 380-381
fat intake and, 289, 430, 784-785, 802-

909
fiber and, 63, 339, 350, 351, 352-353,

354, 355-356, 357, 359-360, 361, 380-
382, 383, 388

glycemic index of foods and, 63, 268,
306, 322

high fat, low carbohydrate diets and,
437, 802-808

infants, 280, 281, 288-289
intervention studies, 381-382
intracellular utilization, 274
lactation and, 196
and lipogenesis, 59
low fat, high carbohydrate diets and,

438, 784-785
and ketosis, 276, 277, 278-279, 280, 281,

284, 287, 289, 290-291, 430
methodological issues, 280
monounsaturated fatty acids and, 819
muscle uptake, 63, 430
obesity and, 204, 802
physical activity and, 60, 921
polyunsaturated fatty acids and, 821,

822-823
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pregnancy and, 189-190
and protein requirement, 278, 605
saturated fatty acids and, 484-485
weight loss and, 204

Glutamate, 591, 593, 594, 596, 604, 605,
606, 608, 697, 701, 703, 709, 712,
717. See also Monosodium glutamate

Glutamic acid (dispensable), 592, 593, 594,
596, 597, 712-718, 728, 736, 1000-
1001

Glutaminase, 717
Glutamine (dispensable), 591, 593, 594,

596, 605, 607, 706, 717-719
Glutamine synthetase, 717
Glutathione, 607, 608, 620
Glycemic index (GI), 321-323

amount of food ingested and, 268
and BMI, 313
calculation, 268, 307
and cancer risk, 310-311, 319, 321
and carbohydrate metabolism, 304-307
and CHD risk, 303, 308-311, 322
definition, 268
and diabetes type 2, 63, 302, 304-307,

308-309, 322
digestability of foods and, 269
and energy intake, 269, 313, 320, 322
fiber and, 322, 360, 361, 380-381, 382
food characteristics and, 269-270
food values, 268, 270
and glucated hemoglobin (HbA1c), 308-

309, 322
and glucose metabolism, 63, 268, 306,

322
and HDL cholesterol, 308-309, 322
high-GI diets, 302, 306-307, 313, 318,

323
and hunger and satiety, 313
and insulin sensitivity, 63, 306-307, 308-

312, 322
and lipid metabolism, 269, 270-271, 297,

302-303, 304-308, 322
low-GI diets, 304-307, 313, 321-322
of mixed meals, 270-271
methodological issues, 322
and obesity, 313, 322-323
palatibility of foods and, 272
and physical activity, 318-319
utilization, 269-272
and weight loss, 313

Glycemic load, 269-272, 303, 322, 380-381

Glycemic response, 63, 268, 322
of diabetics, 268, 271
to fiber, 63, 352
palatability of foods and, 795

Glyceraldehyde, 274
Glycerol, 289, 292-293. See also

Triacylglycerol or triacylglyceride
Glycine (dispensable), 591, 593, 596, 597,

607, 608, 678, 719-720, 729, 731, 736,
1002-1003

Glycogen
amino acids and, 705
food sources, 265-266
repletion, 64, 924
storage, 273, 276, 281, 595-596
synthesis and utilization, 274, 277, 920,

921, 923
Glycoprotein, 692
Glycosis-tricarboxylic acid (TCA) pathway,

605, 606
Greenland Eskimos, 275, 284, 493, 494, 826
Growth and development. See also individual

life-stage groups
adaptation, 151, 220, 437
amino acids and, 598, 607, 665, 666,

669, 697, 701, 707, 710, 713, 719,
720, 721, 724, 725, 728

carbohydrates and, 280-281, 922-923
catch-up in children, 221, 222, 840
children, 32, 47, 134, 142, 151, 167-168,

174, 175, 221, 222, 437, 441, 456,
459, 609, 611, 810-811, 839-840

defined, 177
and EAR derivation, 47
and EER derivation, 116, 166-168, 174,

181
energy expenditure and, 134, 164, 190-

192
energy requirements, 45, 116-117, 142,

166-168, 174, 177, 181, 190-192, 441
fat intake and, 280, 437, 441, 457, 459
formula-fed infants, 280-281, 448-451, 457
gender differences, 33, 142, 175, 922-923
impaired, 151, 217, 220, 221, 222, 437,

721, 811, 839-840
lipid metabolism, 922-923
low fat, high carbohydrate diets and,

810-811
maternal and fetal tissues, 92, 190-192
measurement precision, 142
physical activity and, 922-923
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polyunsaturated fatty acids and, 444-447,
453, 460

protein intake and, 280-281, 608-609,
654, 683, 811, 839-840

puberty and, 142, 922
stunting, 151, 217, 220, 221, 222, 811,

840
undernutrition and, 220, 221, 222
velocity, 33, 47, 142, 151, 166-168, 181

Growth hormone, 277, 699, 715, 724, 923
Guar gum, 63, 352-353, 355-356, 365, 366,

382, 396
Gums (dietary or functional fiber), 345,

355, 365, 367, 369, 388, 391, 396. See
also Guar gum

H
Hawaiian natives, 798
Hazard identification. See also individual

nutrients
animal data, 94-95, 96, 696, 697-698,

701-702, 707-708, 711-712, 713-714,
721-722, 724, 725-726, 727, 729, 730-
732, 734-735

asthma, 716-717
behavior, 295-296
cancer, 319-321
causality, 94, 96, 102
Chinese restaurant syndrome, 715-716
components of, 87, 94-98
data sources, 96-97
defined, 87, 975
dental caries, 296-297
developmental studies, 708-710
diabetes, 303, 306-307
evaluation process, 95
human studies, 94, 696, 698-699, 702-

703, 705-706, 712, 714-715, 722-723,
724-725, 726, 727, 729, 730, 732-733,
735

insulin sensitivity, 303, 306-307
maple syrup urine disease, 706
metabolic considerations, 705
obesity, 307, 311-313, 314-319
pharmacokinetic and metabolic data, 96-

97, 98
physical activity, 318-319

HDL cholesterol. See also Lipids and lipid
metabolism

carbohydrate intake and, 59, 781-784

and CHD, 57
cholesterol intake and, 549-562, 563,

568-569
in diabetes, 308-309
fat intake and, 437, 483, 777-782
fiber intake and, 354, 357, 358, 359, 361,

366
glycemic index and, 302, 303, 308-309,

322
hazard identification, 549, 560-562
lipoprotein lipase activity and, 61
low fat, high carbohydrate diets and,

777-781
monounsaturated fatty acid intake and,

817-818
physical exercise and, 60, 61
polyunsaturated fatty acids and, 820,

821, 822-823, 826, 828, 830-831
protective effect, 560
saturated fatty acids and, 483
sugar intake and, 298-301, 302
trans fatty acids and, 495-503
transport, 543, 544

Health Canada, 349, 481, 883, 979
Health Professionals Follow-Up Study, 321,

363, 364, 368, 371-372, 375-376, 377,
387, 562, 563, 827

Healthy People 2000, 882
Heart disease. See also Cardiovascular

disease; Coronary heart disease
carbohydrate intake and, 59
fiber intake and, 59-60
physical activity and, 60-61
protein intake and, 60

Heat of combustion, 108, 109
Height. See also Reference weights and

heights
BMI and, 1080-1081
and body composition, 125, 128-130,

1078-1081, 1088-1089
catch-up growth, 221
and energy expenditure, 157, 159-161

Heme, 607, 608
Hemicelluloses (dietary fiber), 345, 348,

390
Hemoglobin, 595, 720-721
Hepatic lipase activity, 61
Hepatomegaly, 721
Heterocyclic amines, 379
High fat, high carbohydrate diet, 367
High fat, high protein diet, 275
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High fat, low carbohydrate diets, 103
added sugars, 810, 816
adults, 792-810
AMDRs, 809, 816
cancer risk, 808
CHD risk, 797-802, 814-815
children, 814-816
diabetes (type 2) risk, 802-808
energy intakes, 793-795
epidemiological studies, 792-794, 797-

798, 803
fat excess, 808-809
and glucose intolerance, 437, 802-808
hyperinsulinemia, 802-808
intervention studies, 794-796, 798-799,

803-807
metabolic syndrome, 802-808
and micronutrient inadequacy or excess,

808-809, 816
obesity risk, 792-797, 814
saturated fatty acid intakes, 799-802
sugar inadequacy, 809

High-fiber diets, 297, 374, 378-379, 383,
788, 839

High fructose corn syrup, 294, 295
High glycemic index diets, 302
Hippuric acid, 604
Histidine (indispensable), 589, 591, 592,

593, 597, 604, 662, 663-665, 666, 668,
672-675, 678-682, 686, 687, 689, 709,
712, 720-723, 736, 1004-1005

Homocysteine, 302, 726
Homovanillic acid, 735
Honolulu Heart Program, 562
Human chorionic somatomammotropin, 189
Human milk. See also Breastfeeding;

Formulas, infant; Infants; Lactation
amino acid content, 598, 607, 621, 657,

663, 664-665, 686, 687
and behavioral development, 621
bioavailability of nutrients, 431, 447,

621, 944
carbohydrate content, 281-283, 292
cholesterol, 546-549
energy content, 171, 172-173, 199, 457,

461, 468, 474, 477
energy cost of synthesis, 195-196
energy output, 199
fat content, 281, 431, 456, 458-459, 468
fiber content, 385
and immune function, 621

monounsaturated fatty acids, 474, 477
nonprotein nitrogen content, 620, 657,

658
nutritional adequacy, 31, 447, 456, 662,

663
polyunsaturated fatty acids, 447, 461,

462-463, 466, 467
protein content, 620, 622-623, 657, 658,

686, 687
saturated fatty acids, 474, 475-476
trans fatty acids, 479, 480
volume of intake, 31, 45, 171, 172-173,

281, 456, 663
Human studies. See also Balance studies

advantages, 91, 98
amino acids,  608-699, 702-703, 705-706,

712, 714-715, 720, 722-723, 724-725,
726, 727, 729, 730, 731-733, 735

controlled, 40
dose–response assessment, 98
feeding trials, 40-41
limitations of, 40-41, 94

Hunger, 117, 313, 732, 795, 796
Hydrogenated fat, 427-428, 436, 455, 456,

479, 495, 498-504, 836
5-Hydroxyindoleacetic acid, 732
Hydroxylysine, 593
3-Hydroxy-3-methylglutaryl coenzyme A, 545
Hydroxyproline, 592-593, 728-729
Hyperactivity, 295
Hyperammonemia, 699, 714, 718
Hypercalciuria, 694, 841
Hyperchloremic acidosis, 698
Hypercholesteremia, 276, 352, 355, 356,

358, 359, 366, 367, 494, 495, 721,
811, 842

Hyperglutamic acidemia, 718
Hyperglycemia, 275, 353, 815
Hyperinsulinemia, 130, 784-785, 802-808,

832
Hyperkalemia, 699
Hyperlipidemia, 130, 302, 304-308, 322,

323, 355, 362-368
Hyperlipoproteinemia, 359
Hyperphenylalaninemia, 728
Hypertension, 57, 735

BMI and, 124, 230-231
fiber and, 60, 362-368, 369
polyunsaturated fatty acids and, 59
protective effects of nutrients, 59, 362-368
risk factors, 130
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Hyperthermia, 910, 926-927
Hypertriacylglyceridemia or

hypertriacylglycerolemia, 59, 297,
323

Hypoalbuminemic malnutrition, 608
Hypoenergetic diet, 311
Hypoglycemia, 295, 910
Hyponatremia, 699
Hypothermia, 927
Hypothermogenicity, 696
Hypoxia, 149

I
Ileostomy patients, 357
Imino acids, 591, 592
Immune function, 57, 396, 439, 487-492,

697-698, 699, 839
Immunosuppression, 492
Indian Experiment of Infarct Survival, 828
Indicator amino acid oxidation (IAAO)

method, 617-619, 670-671, 676, 677,
678

Indicators of nutrient adequacy. See also
specific indicators, nutrients, and life
stages

methodological considerations, 43
risk reduction-based

Infants, 0-12 months. See also Formulas,
infant; Human milk; Life-stage
groups

ages 0 through 6 months, 31, 35, 44, 45,
169, 199, 201, 281, 283, 385, 456-457,
461, 468, 619-623, 662-665

ages 7 through 12 months, 31-32, 35, 45-
46, 169, 199, 283, 385, 457, 461, 468,
624-630, 664-670, 672

AIs, 4, 26, 30-32, 44-46, 280-283, 456-457,
460-461, 466-469, 619-623, 662-665,
944, 946

amino acids, 30, 45, 594, 598, 607, 614,
619, 621, 662-670, 672, 686, 687, 719,
722-723, 724, 726

birth weight, 456, 471, 650, 654, 719,
731, 811, 839, 840, 910

BMI, 1106-1114
BMR, 164-165, 1106-1114
body fatness, 142, 621
brain development, 280, 288-289, 291,

445, 448-451, 466, 468, 545, 548, 608-
609

carbohydrate, 30, 32, 46, 280-283, 288-
289, 291

cholesterol, 545-549
dietary intakes, 30, 46, 170, 171, 199,

457, 624
EARs, 46, 624-629, 664-670, 672
EERs, 32, 45, 46, 164-171
energy expenditure and deposition, 116,

122-123, 164, 167
extrapolation of data from adults to, 46,

47
extrapolation of data from younger to

older infants, 31-32
factorial modeling, 624, 628
fat, 4, 30, 32, 46, 432, 437, 456-459, 769,

816
fiber, 385
formula-fed, 26, 31, 45, 165, 166, 168,

280-281, 283, 446-447, 448-451, 454,
461, 463, 466, 468, 621

glucose metabolism, 280, 281, 288-289
growth, 30, 45, 142, 164, 166-168, 280-

281, 436, 437, 445, 446-447, 448-451,
457, 460, 465, 468, 472, 607, 609,
611, 630, 669, 982

hyperammonemic, 699
language development, 447
malnutrition, 165, 167, 608-609
methodological considerations, 44-46
milk consumption, 26
monounsaturated fatty acids, 432
newborn, 92, 142, 165, 166, 291, 433,

594, 595, 598, 603
nitrogen balance studies, 624-627
of overweight mothers, 134
on parenteral nutrition, 722-723
phenylketonuria, 728
physical activity, 166
polyunsaturated fatty acids, 30, 46, 433,

435, 438, 439, 440, 445-447, 448-451,
454, 460-463, 472

premature, 122-123, 165, 166, 167, 280,
435, 445, 447, 456, 469, 594, 607,
609, 719, 731, 840, 910

protein, 30, 45, 46, 595, 602, 603, 608-
609, 611, 619-630, 669, 686, 687

RDAs, 31, 629-630, 672
recommended food sources, 26, 31, 32,

45, 46
saturated fatty acid, 431
sleepiness, 733
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special considerations, 45, 283, 457, 461,
463, 469, 621-623

TEE, 166, 168, 169, 170, 1106-1114
thermic effect of food, 165
thermoregulation, 165-166
trans fatty acids, 456
visual development, 448-451
weight and height, reference, 35, 132-

135, 1106-1114
weight gain, 46, 621
zinc, 722-723

Inflammatory disorders, 824
Institute of Medicine, 45, 46
Insulin resistance, 2, 62, 63, 189, 275, 291,

303, 306-307, 308-312, 320, 784-785,
802-808, 921. See also Diabetes
mellitus

Insulin Resistance Atherosclerosis Study,
803

Insulin response. See also Hyperinsulinemia
age/aging and, 62
amino acids, 696, 701, 705, 710
and cancer, 320
to carbohydrate intake, 268, 269, 273,

274, 275, 277, 303, 320, 437
and diabetes, type 2, 63, 275, 303, 306-

307, 308-312, 784-785
epidemiological studies, 380-381
to fat, 62, 303, 430, 437, 438, 484-485,

802-808
fiber intake and, 60, 63, 297, 306-307,

339, 351, 353, 355-356, 360, 380-382,
388

to glucose metabolism, 268, 273, 274
glycemic index of foods and, 63, 269,

306-307, 308-312, 322
hazard identification, 303, 306-307
intervention studies, 381-382
metabolic syndrome, 802
obesity and, 62, 303, 784, 802, 803
oral contraceptives and, 921
parenteral nutrition, 438
physical activity and, 60, 62, 63, 303,

803, 921
pregnancy and, 189, 291
to protein intake, 279, 602
sensitivity of, 62, 63, 189, 291, 303, 306-

307, 308-312, 322
to undernutrition, 220

Insulin-like growth factors, 320

Interactions of dietary factors
adverse, 85, 95
amino acids, 721-723, 725, 726, 731
and bioavailability, 93, 271, 281, 424
and blood pressure
fatty acids, 453-456
methodological issues, 41-42, 53, 376-377

Intermediate density lipoproteins, 545
Intervention studies

breast cancer, 378-379
carbohydrate, 785, 786-787
CHD, 365-368, 798-799, 817-818, 821,

828-831
colon cancer, 374-375, 376-377
confounding of dietary factors, 376-377
design features, 43
diabetes mellitus (type 2), 381-382, 785,

786-787, 806-807, 832-833
of dietary patterns, 43
fiber and disease prevention, 344, 351,

365-368, 374-377, 378-379, 381-382,
383-384

glucose response, 381-382, 803-807
high fat, low carbohydrate diets, 794-

796, 798-799, 803-807
hyperlipidemia prevention, 365-368
hypertension prevention, 365-368
insulin response to fat intake, 803-807
low n-9 monounsaturated fatty acid

diets, 817-818
meta-analyses, 58, 777, 798
methodological issues, 43, 376-377
obesity, 311, 773-776, 794-796, 797
polyunsaturated fatty acids, 821, 828,

830-831, 832-833
satiety and weight maintenance, 383-384
timing of, 376

Intestinal absorption. See also individual
nutrients

active transport, 273
aging and, 447, 450-452
estrogen, 378
facilitated diffusion, 273
fiber intake and, 60, 348, 378, 383
glucose, 382, 383
monosaccharides, 272-273
and sensitivity to nutrient toxicity, 92
slowing, 323

Intestinal metabolic dysfunction, 594
Intestinal obstruction, 395, 398
Inuits, 275
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Inulin (dietary or functional fiber), 341,
345, 353-354, 390, 391, 394, 397, 838

Iowa Women’s Health Study, 307, 363
Irritable bowel syndrome, 353-354, 358, 395
Iron, 391, 394, 398, 725, 771, 789, 790-793,

812, 813, 840, 981, 982, 1204-1211,
1214-1221, 1224-1225, 1228-1243

Isoleucine (indispensable), 589, 591, 593,
597, 662, 663-665, 666, 668, 669, 672-
675, 678, 679-682, 686, 687, 689, 704-
711, 736, 1006-1007

Isomaltose, 272

J
Joint FAO/WHO Expert Committee on

Food Additives, 90, 713

K
KANWU study, 485
Karaya gum, 367, 382, 838
Keratin, 592
Ketoacids and ketosis, 276, 277, 278-279,

280, 281, 284, 287, 289, 290-291, 430,
604, 605, 704

Kidney stones, 841-842
Krebs-Henseleit cycle, 604-605, 606

L
Lactase, 272, 592
Lactate, 276
Lactation. See also Breastfeeding; Human

milk
adaptation to, 34, 47, 197, 290, 291, 650
adolescents, 201, 293, 388-389, 465-466,

471-472, 659
AIs, 34, 388-389, 465-466, 471-472
amino acids, 681-682
BMR, 195-196
and body weight, 199-200, 201
carbohydrates and, 196
derivation of DRIs for, 34, 48
EARs, 34, 292-293, 656-659, 681
EERs, 107, 116-117, 195-202
and energy ependiture, 116, 198-199
energy mobilization, 34, 199-200
fiber, 388-389

milk energy output, 172-173, 199
physical activity, 197-198, 199, 1166-1167
polyunsaturated fatty acids, 465-466, 471-

472
protein, 840
RDAs, 293, 659, 682
stage of, 172-173
TEE, 116, 198-199, 201, 1166-1167
TEF, 196-197
total energy requirements, 200-201
ULs, 92

Lactose, 266, 267, 268, 272, 273, 281, 282-
283, 292, 813

Lactulose, 397
Lauric acid, 58, 425, 483
Laxation, fiber consumption and, 339, 350,

351, 352, 353-354, 355, 356, 357-358,
360-361, 370-371, 372, 385-386, 388

LDL cholesterol. See also Lipoprotein
metabolism

carbohydrate intake and, 781, 782-784,
797

and CHD risk, 57, 481-484, 542, 548-549,
573, 798-799, 815

children, 815
cholesterol intake and, 544-545, 548-562,

563, 568, 569, 573
fiber intake and, 59, 351, 352, 355, 356,

357, 358, 359, 361, 365-366, 367-368
glycemic index and, 302
hazard identification, 549, 560-562
low fat, high carbohydrate diets and,

777-781
monounsaturated fatty acids and, 58,

486, 817-818
polyunsaturated fatty acids and, 58-59,

821, 822-823, 828, 830-831
protein intake and, 60
saturated fatty acids and, 58, 422, 432,

481-484, 798-799
sugar intake and, 297-301, 302
trans fatty acids and, 58, 423, 494-503, 504

Legumes, 365, 366, 370, 382, 390
Leucine (indispensable), 589, 591, 593, 596,

597, 617, 618, 650, 660, 663-665, 666,
668, 671-682, 686, 687, 689, 704-711,
736, 1008-1009

Leukotrienes, 434, 454, 824, 838
Life-stage groups. See also Adolescents;

Adults; Children; Infants; Toddlers
alcohol, 1064-1065
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amino acids, 662-682, 992-1027
carbohydrates, 6, 280-293, 988-991, 1032-

1033, 1068-1069
categories, 30-34
cholesterol, 546-549, 1058-1059
EERs by, 5, 164-223
energy, 1028-1031, 1034-1035, 1040-

1041, 1062-1067, 1072-1075
fat (total) by, 9, 456-460, 1038-1041,

1070-1071
fiber, 384-390, 1036-1037
intakes by, 988-1065
monounsaturated fatty acids, 1044-1045
polyunsaturated fatty acids, 11, 460-466,

820, 1046-1057
protein (total) by, 619-662, 1060-1063,

1074-1075
saturated fatty acids, 1042-1043, 1072-

1073
and toxicological sensitivities, 97-98
weights and heights, reference

Lignin (dietary fiber), 344, 346, 350, 356
Limit dextrins, 272
Linoleic acid. See also α-Linoleic acid;

Conjugated linoleic acid
absorption, 431
AIs, 5, 8, 10, 423, 460-461, 463-466, 770,

822, 825, 944
AMDRs, 15, 770, 825-826
and cancer, 825
and CHD, 821
deficiency, 4-5, 423, 426, 438, 464
dietary intakes, 8, 478, 1044-1045
food sources, 771
function, 38, 423, 426-427
in infant formula, 461, 463
interaction with α-linoleic acid, 447, 453-

455, 472, 825
by life stage and gender group, 10, 460-

466
and lipid peroxidation, 824, 838
metabolism, 433, 434, 440, 442, 453,

455-456, 476, 838
protective effects of, 821
supplementation, 442, 444
trans fatty acids and, 455-456

Lipids and lipid metabolism
aging and, 922
amino acids and, 724, 731
carbohydrates and, 275, 277, 278-279,

297-303, 781, 782-784, 917-923

cardiovascular disease, 302, 562-569
and CHD, 57, 60, 356, 481-484, 562-569
fatty acids and, 424-425, 430-431, 493
fiber and, 297, 350, 351, 352, 354, 355,

356-357, 358-359, 360, 361, 365-366,
388

glycemic index of diet and, 269, 270-271,
297, 302-303, 304-308

and growth and development, 922-923
peroxidation, 493, 504, 823-824, 8

38
physical activity and, 430, 917-923
sugars and, 297-302
thermoregulation and, 166
weight loss and, 204

Lipolysis, 277
Lipoprotein (a), 503
Lipoprotein lipase activity, 61
Lipoprotein metabolism, 61, 369, 429, 436,

438, 544-545, 548, 562, 563, 568-569,
573, 815. See also Cholesterol; HDL
cholesterol; LDL cholesterol

Liver
alcohol dehydrogenase, 108-109
disease, 705
function, 92, 704, 705, 721

Locust bean gum, 367, 382
Longevity, composition of energy sources

and, 39
Low density lipoprotein (LDL), 431. See also

LDL cholesterol
oxidation, 504, 823-824

Low fat, high carbohydrate diets
added sugars, 788-789, 812-813
adults, 772-792
and cancer risk, 772
CHD risk, 437-438, 772, 777-784
children, 438, 810-814
diabetes (type 2) risk, 437-438, 772, 784-

785
and diarrhea, 438
epidemiological studies, 783, 785
fat oxidation, 810
fiber, 367, 788
glucose intolerance risk, 784-785
and growth, 810-811
high monounsaturated fatty acid diet

compared, 817
and hunger, 795
hyperinsulinemia, 784-785
hypocaloric diets, 772
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intervention studies, 311, 773-776, 777,
785, 786-787

isocaloric diets, 772, 773, 777
and lipid levels, 777-781
and micronutrient inadequacy or excess,

785, 788-789, 811-814
and obesity, 769, 773-776, 777
and physical activity, 773
protein intake and, 843
total sugars, 789, 792, 813-814
and weight, 772, 773-777

Low glycemic index diets, 304-307
Low-protein diets, 648, 667, 697, 707, 709,

721, 731-732, 839-840
Lowest-Observed-Adverse-Effect Level

(LOAEL), 90, 98, 100-101, 224, 569,
975

Lung cancer, 54-55, 319, 486, 568, 570-573,
808, 837, 844

Luteinizing hormone, 715
Lyon Diet Heart Study, 829
Lysine (indispensable), 589, 591, 593, 597,

602, 608, 614, 616, 617, 618, 650,
661, 663-665, 666, 668, 669-670, 671-
682, 685, 686, 687, 689, 692, 723-725,
736, 1010-1011

M
Macronutrients. See also Carbohydrate; Fat;

Protein
brain requirements, 771
defined, 108
imbalances and chronic diseases, 771
integrated planning of intakes, 936-966

Magnesium, 394, 789, 790-791, 813, 838,
1204-1211, 1214-1221, 1224-1225

Malabsorption syndrome, 30
Malnutrition, 167, 437, 595, 608-610, 704,

839. See also Starvation
Malondialdehyde, 711
Malonyl coenzyme A, 274
Maltase, 272
Maltodextrin, 360
Maltose, 266, 272
Mannitol, 266
Mannose, 345
Maple syrup urine disease, 704, 706
Masai, 275
Melanin, 608

Men. See also Gender differences
carbohydrate intakes compared to other

nutrients, 1232-1237
CHD, 363, 364
cholesterol, 354
diabetes type 2, 380, 381
fiber, 363, 364, 380, 381
lipoprotein profile, 61
nutrient intakes with sugars, 1208-1213
PAL, 893
protein intakes, 695
reference weights and heights, 125
TEE, 147

Menstrual cycle, 140, 141, 921, 928
Mental health, 151, 276, 720, 913, 916
Mental retardation, 728
Menus, sample, 392-393
Metabolic alkalosis, 699
Metabolic disorders, 697, 700, 704, 705,

706, 710, 714, 727, 728, 735
Metabolic equivalent, 975
Metabolic syndrome, 802
Metabolism. See also Basal metabolic rate;

Glucose metabolism; Lipids and lipid
metabolism; individual nutrients

cellular uptake of nutrients, 273
eiconasanoid, 55
glycogen synthesis and utilization, 274
insulin, 275
intracellular utilization of sugars, 273-

274
physical activity and, 138
splanchnic, 600, 717

Methionine (indispensable), 589, 591, 593,
594, 597, 608, 614, 663-665, 666, 668,
672-675, 677, 678, 679-682, 685, 686,
687, 689, 711, 723, 725-726, 736,
1012-1013

Methodological issues. See also Data and
database issues; Indicators of
nutrient adequacy

AI derivation for infants, 44-46
in balance studies, 40-41, 617, 676
BMI, 121, 124-125
brain blood flow methods, 280
children, 25, 47-48
confounding and bias, 41-42, 376-377,

451, 484, 643
data sources, 39-44
depletion–repletion studies, 40-41
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in dietary intake estimates, 42, 48, 49-50,
110, 116, 117-118, 307, 312, 313, 322,
563, 624, 643, 936-937

direct amino acid method, 616-617, 618
DLW method, 120-121, 152, 198
EARs for children and adults, 25, 46-47
epidemiological evidence, 40, 41-42,

322, 569
experimental studies, 40
extrapolation from animal studies, 40,

87, 95, 97, 98, 100, 101, 492, 562,
703, 705, 1245-1246

extrapolation from other age groups, 25,
26-27, 31-32, 34, 44, 46, 47, 101, 283

extrapolation from short periods to 24
hours, 616

factorial approach, 25, 116, 118, 611,
981

generalizability of studies, 41, 42, 100,
118

glycemic index calculation, 307
growth measurement, 142
human feeding studies, 40-41
indicator amino acid oxidation method,

618, 619
interactions of dietary factors, 41-42, 53,

376-377
intervention studies, 42-43, 376-377, 725
Monte Carlo approach, 981-982
multicollinearity, 42
nitrogen balance method, 611-612, 635,

643, 644, 688
in nutrient intake estimates, 41-42, 48-

49, 941-945
observational studies, 40, 41-42
plasma amino acid response method,

615
pregnant and lactating women
randomized clinical trials, 40, 42-43, 376-

377
research needs, 969-970
in risk assessment, 91-94, 100
single treatment vs. multitreatment

parallel designs, 492
supplementation trials, 43
weighing the evidence, 3, 43-44, 94
weight maintenance in overweight and

obese adults, 202-204
Methylcellulose (dietary fiber), 341
Mevalonic acid, 545

Mohawk Indians, 146
MONICA Study, 316-317, 318-319, 790-793
Monosaccharides, 59, 265, 266, 272, 276,

281, 297, 342
Monosodium glutamate, 695, 712-713, 715-

717
Monounsaturated fatty acids (cis isomer).

See also individual fatty acids
absorption, 432
adverse effects of overconsumption, 485-

486
AMDR, 820
and cancer risk, 55, 486, 819
and cardiovascular disease, 485-486
and CHD risk, 58-59, 817-818
and diabetes, 819
dietary intakes, 474, 1044-1045
energy contribution, 474, 478
epidemiological studies, 817
evidence considered for estimating

requirements, 441, 460
excretion, 433
food sources, 426, 474, 478, 816, 819-820
function, 4, 426, 432, 460
and glucose metabolism, 819
hazard identification, 485-486
high n-9 fatty acid diets, 820
insulin sensitivity, 806
intervention studies, 817-818
by life stage and gender groups, 1044-

1045
and lipid profile, 58, 486, 817-818
low n-9 fatty acid diets, 817-820
metabolism, 4, 423, 432-433
and micronutrient inadequacy, 819-820
n-9, 460
protective effects, 816-817, 819
research recommendations, 505

Montreal Diet Dispensary, 654
Mortality

BMI and, 484
saturated fatty acids and, 484

MSG Symptom Complex, 714, 715-717
Mucins, 592, 601, 683
Multiple Risk Factor Intervention Trial, 827,

914-915
Myosin, 593, 595
Myristic acid, 58, 425, 483
Myristoleic acid, 426
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N
N-Methyl-D-aspartate, 711
National Cholesterol Education Program,

798
National Health and Nutrition Examination

Survey III, 36, 46
adjustments to data, 49-50
at-risk-for-overweight category, 130
body composition data, 124, 125, 130,

982, 1078-1103
dietary intake data, 283, 295, 473, 474,

624, 701, 704, 711, 712, 720, 721,
723, 725, 727, 729, 730, 731, 734,
789, 792, 812, 988-1027

Epidemiological Follow-up Study, 827
lipid profiles, 302
survey design, 49
underreporting of energy intakes, 49

National Institutes of Health, 121
National Nutrition Monitoring System, 936
National Nutritious Food Basket, 481
National Research Council, 87
Nationwide Food Consumption Survey, 314-

315, 318-319, 474, 790-793
Navajo Indians, 173
Nervonic acid, 426
Netherlands Cohort Study, 378
Neural development, 444-447
Neural tube defects, 726
Neurological effects. See also Brain

amino acids, 696, 699, 701-702, 703, 704-
705, 706, 711, 714, 715, 717, 718,
719, 727, 728, 733

Neurotransmitters, 704-705, 707, 709, 710,
711, 714, 731, 732, 734

Niacin, 731, 790-791, 813-814, 1228-1243
Nicotinamide adenine dinucleotide, 453
Nicotinic acid, 608, 792-793
Nitric oxide, 608
Nitrogen. See also Protein

amino acid utilization through
nonprotein pathways, 607-608, 684

balance, 275, 279, 287, 594, 611, 694,
718

carbohydrate-free diets and, 275
content in dietary protein, 590
factorial method, 610-611, 624, 628, 629
host-colon nitrogen cycle, 600
individual variation, 612-613, 634, 635,

649

losses, 598, 600-601, 610-611, 612, 625,
634, 635, 644, 646, 650, 667, 668,
671, 682-683

maintenance requirement, 667-669
median requirement, 635, 637-638
metabolism, 278, 598, 603-605, 718, 720
nonprotein, 607-608, 620
and potassium balance, 650-653
protein conversion factor, 684-685
protein/nitrogen ratio, 684-685
quality as protein source, 611, 684-685
sources, 594

Nitrogen balance studies
adolescents, 624-627, 632, 664-666
adults, 275, 287, 618, 633-643, 661
amino acids, 612, 613-614, 618, 662, 664-

666, 670-671, 676, 677, 678, 688
animals, 671
children, 624-627, 664-666
data analysis, 639, 677
energy intake estimates and, 647, 648
factor analysis, 639-643
infants, 624-627
limitations, 611-612, 618, 635, 643, 644,

688
meta analysis, 643, 644, 646, 648, 691
older adults, 646-648
pregnant women, 650-653, 654-655
protein, 611-613, 633-635, 639, 642-643,

650-653, 654-655, 684, 691, 693,
1250-1253

statistical analysis of data, 612-613, 635,
638, 639, 642-643, 666

younger adults, 633-635, 639, 642-643
No-Observed-Adverse-Effect Level

(NOAEL), 90, 98, 100, 101, 975
Non-Hodgkin’s lymphoma, 844
Norepinephrine, 277, 735, 916
Normative Aging Study, 484
Normative requirement, 24
Nuclear peroxisome proliferator activating

receptors, 425
Nurses’ Health Study, 306-307, 363, 368,

376, 377, 387, 563, 827-828, 842
Nutrient intakes. See also Dietary intakes

added sugar intakes and, 788-789, 790-
793, 1203-1225

adjusting for day-to-day variation, 29, 49-
50

assessment of, 42, 48-49, 937-945
bioavailability and, 29-30
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biochemical assessment, 944
calculation of, 941-945
carbohydrate compared to other

nutrients, 1226-1243
carbohydrate intake and micronutrients,

812, 816, 1226-1243
chronic intakes above the UL, 104, 105
high fat, low carbohydrate diets and,

808-809, 816
low fat, high carbohydrate diets and,

785, 788-789, 811-814
methodological considerations, 41, 42,

46, 48-49, 941-945
probability approach, 942-943, 944
special considerations, 30

Nutrient requirements, energy
requirements compared, 110-111

Nutrition Canada Survey, 983
Nutrition labels, 267, 340, 341

O
Oat products, 60, 355-356, 365, 366, 368,

378, 382, 394
Obesity and overweight

abdominal, 62, 64, 379, 802
as adaptation, 150
adolescents, 313, 815, 1172-1173, 1178-

1183, 1202
adults, 153, 310-313, 814, 1184-1199, 1201
amino acids and, 701, 704, 732
appetite sensations and, 795
BEE, 217
BMI, 126, 204, 216, 310, 313
body fat content, 126
carbohydrate intake and, 65, 275, 307,

310-319, 769
and CHD risk, 130, 815
children, 65, 130, 134, 140, 153, 216-219,

307, 310, 312-313, 459, 811, 814, 923,
1168-1179, 1200, 1202

children of obese parents, 133
and diabetes type 2, 802, 803
DLW database, 153, 156-157, 202
energy density of foods and, 794-796
and energy expenditure, 111, 122-123,

133-135, 138, 140, 209, 212, 216-219
energy intakes, 54, 65, 111, 307, 310,

312, 313, 322, 794
and energy requirements, 110, 132-133,

135, 138, 202-213, 216-219

epidemiological studies, 792-794, 796-797
fat intake and, 64, 459, 460, 769, 772,

773-776, 792-797, 802, 803, 814
fiber intake and, 65, 352, 370, 382-384
genetic factors, 146, 452, 784
glucose metabolism, 204, 802
glycemic index and, 313, 322
health risks, 64, 130, 204, 224
high fat, low carbohydrate diets and,

769, 792-797
insulin resistance, 62, 303, 784, 802, 803
intervention studies, 311, 773-776, 794-

796, 797
lipid metabolism, 204
management, 204
mechanisms for, 794-796
palatability of foods and, 795
physical activity and, 56, 65, 133, 140,

181, 209, 212, 1168-1182, 1184-1199
polyunsaturated fatty acids and, 832
pregnancy, 191
prevalence, 773
protein intake and, 694, 843
and reference weights and heights, 982
resting metabolic rate, 133, 135, 137
risk factors, 64, 65
saturated fatty acids and, 484
sugar intake, 307, 310-313, 314-319, 323
susceptible populations, 134
TEE, 133, 153, 156-157, 202-204, 209-

213, 1168-1182, 1184-1199, 1201-1202
TEF, 133-134, 143
and underreporting of energy intakes,

42, 64, 65, 313, 938
weight loss, 204, 209, 212, 219, 311, 313,

370
weight maintenance, 202-209, 216-219,

382-383, 384, 732
weight regain following weight loss, 135

Observational studies. See also
Epidemiological studies

methodological issues, 40, 41-42, 94
Oleic acid, 426, 431, 432-433, 436, 439, 442,

455, 483, 486, 495, 819
Oligofructose (dietary or functional fiber),

353-354, 390, 391, 396-397
Oligosaccharides (dietary or functional

fiber), 265, 272, 341, 342, 344, 592
Olive oil, 55
Opthalmologic effects, 711, 714, 720, 722,

729, 734, 735, 736
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Oral and pharynx cancer, 844
Oral contraceptives, 921
Ornithine, 697
Osteoarthritis, 236-237
Osteoporosis, 841, 928
Ovarian cancer, 56, 379
Oxaloacetate, 604, 701
Oxysterols, 545-546

P
Palmitic acid, 58, 425, 431, 432, 483
Palmitoleic acid, 426, 486
Pampas indigenous people, 275
Pancreatic

cancer, 57
disease, 395
lipase, 429, 431

Parenteral nutrition, 438, 442, 444, 460,
469, 699, 705, 714, 718, 719, 722-723

Pathobiological Determinants of
Atherosclerosis in Youth Study, 815

Pectins (dietary and/or functional fiber),
63, 346, 348, 352, 356-357, 365, 366,
369, 371, 382, 388, 390, 391, 394,
397-398

Phenylalanine (indispensable), 589, 591,
593, 596, 597, 616, 617, 618, 663-665,
666, 668, 671-682, 686, 687, 689, 695,
703, 709, 726, 727-728, 734, 736,
1014-1015

Phenylketonuria, 619
Phosphatidylethanolamine, 444
Phosphatidylserine, 435, 444
Phospholipids, 425, 429, 433, 434
Phosphorus, 789, 790-791, 812, 813
Physical activity. See also individual life-stage

groups
adaptations in, 197, 201, 220, 922
adverse effects of excessive activity, 180,

926-929
age and, 143-144
amino acids and, 918
and appetite, 884
and BMI, 880, 884
and body fat, 57, 61, 139, 180, 181
Canadian recommendations, 883, 913
and cancer, 56-57
and cardiovascular health, 60-61, 882,

887-888, 913, 927
and CHD risk, 60, 886-887, 924

and chronic disease prevention, 912-917
climate and, 147, 148
cycling, 184, 190, 895
daily living activities, 886, 895, 898-899,

902-903
data limitations, 180
defined, 179, 881
and diabetes mellitus type 2, 63-64
DLW studies, 880, 881, 911
duration, 138, 139, 183, 884, 918, 920-

921
elderly individuals, 138, 922
energy expenditure of, 115-116, 117,

133, 138-140, 141, 143-144, 145-146,
147, 183, 190, 209, 212, 884-913

and energy requirements, 38, 138-140,
157-161, 166, 171, 174, 175, 176-181,
182, 183-184, 190, 197-198

epidemiological studies, 912-917
and fat balance, 57, 60, 452
and fatigue, 920, 921
fidgeting, 118-119, 139-140, 902
gender differences, 140-141, 182
genetic influences, 145
and glucose metabolism, 60
glycemic index and, 318-319
and growth and development, 922-923
health benefits, 180-181, 912-917
history of recommendations, 882-883, 913
and immune function, 57
insulin response, 60, 62, 63, 303, 803,

921
intensity, 139, 140, 148, 183, 190, 884,

885-886, 904-905, 910, 918-920, 921,
922

leisure activities, 885, 896-897, 900-901,
912-913

and lipid balance, 57, 60, 61, 452, 913,
917-923

and mental health, 151, 881, 913, 916
metabolic equivalents, 884-887, 888, 896-

899, 903, 906, 917
and mortality rates, 912-917
obese and overweight individuals, 56, 65,

133, 140, 181, 209, 212, 1168-1182,
1184-1199

and obesity, 56, 65, 784, 923
and PAL, 884-912
prevention of adverse effects, 928-929
protective effects of, 56, 62
protein requirements, 660-661, 918, 920
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recommended, 4, 56, 880, 882-883, 910,
911-912, 913, 926, 928-929

reported, 184
research recommendations, 225, 829
residual effects of, 112, 139
and skeletal health, 66, 180, 928
sleeping, 118
special considerations, 660-661
spontaneous nonexercise activity, 139-

140, 146
TEF and, 884, 886, 895
trends in, 881-882
walking, 115, 116, 140, 158, 161, 183-

184, 190, 881, 889-894, 895, 903, 906-
909, 912, 913, 927

and weight control, 209, 452, 888, 908
Physical activity level (PAL)

active lifestyle, 158, 162-163, 895-899,
900-903

age/aging and, 143
BEE and, 887, 888, 895
BMI and, 220, 223, 814, 911
and BMR, 115, 902
body weight and, 116, 184, 889, 891-895
calculation, 887-889
categories, 157-161, 162-163, 164, 183
and chronic disease risk reduction, 914-

917
defined, 116, 174, 887
DLW studies, 895
evaluation of, 118, 180, 895-909
exercise program, 209
gender differences, 903, 904-905
and glycemic index of foods, 318
impact of activities on, 884-912
intensity of physical activity and, 138,

184, 887-889, 904-905
low-active lifestyle, 158, 162-163, 183,

895-899
measurement, 174
reference activity, 889
RMR and, 917
sedentary, 115, 118-119, 140, 183, 200,

895-899
TEE and, 157-161, 162-163, 164, 884,

887, 906-909
very active lifestyle, 115, 138, 158-159,

162-163, 895-899
Physical exercise

adaptations in program, 928
age and, 922, 924

amino acid supplements and, 702, 705-
706

athletes, 115, 138, 139, 180, 918, 924, 925
and body composition, 922, 923, 924
carbohydrate balance and, 64, 318-319,

452, 917-923, 924-925
and carbohydrate/electrolyte beverages,

924-925
and cardiovascular events, 927
defined, 881
and dehydration, 926-927
duration, 918, 920-921
endurance (aerobic), 61, 138, 140, 143,

318, 452, 660, 882, 916, 917, 918,
923, 924

energy expenditure for, 884, 924
excess post-exercise oxygen

consumption, 112, 139
female athlete triad, 928
gender differences, 921, 928
and growth and development, 180, 922-

923
and hyperthermia, 910, 926-927
and hypothermia, 927
intensity, 918-920, 921, 922, 925
and lipid oxidation, 917-923
overuse injuries, 926
physical education in schools, 923, 924
pregnancy and, 907, 908-911
recovery from illness and, 922
resistance exercise, 223, 661, 925, 928
running, 115, 138, 184, 223, 892, 893,

894, 926
treadmill, 184, 913
and weight, 61, 115-116, 213-215, 452,

773
Physical fitness

defined, 179-180, 881
endurance (aerobic) training and, 923
intensity of exercise and, 140
objectives, 883
pregnancy and, 907-908
resistance exercise and, 925, 928
and spontaneous physical activity, 139
supplementation of water and nutrients,

925-926
Physicians’ Health Study, 827, 828
Phytochemicals, 369, 379, 391, 394, 395, 788
Pima Indians, 134, 146, 804-807
Pituitary adenomas, 396
Planet Health, 318-319
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Planning nutrient intakes
AI and, 946, 948
AMDR and, 946, 948-949
carbohydrate, 956-957, 964
EAR and, 947-948
energy, 949-956, 963, 964
fat, 959
fiber, 957-958, 964
of groups, 947-949, 952-954
of individuals, 946, 949-952
integrated example, 963-964, 965
polyunsaturated fatty acids, 959-960, 964
protein and amino acids, 946, 961, 964
RDA and, 946
saturated fatty acids, trans fatty acids,

and cholesterol, 960
UL and, 946, 947-948

Plant sterols, 544
Plasma amino acid response method, 614-

615, 670-671
Poland and United States Collaborative

Study on Cardiovascular
Epidemiology, 484

Polydextrose (dietary or functional fiber)
adverse effects, 398
characteristics, 341, 346-347
laxation, 357
and lipid concentrations, 357
uses, 36

Polyp Prevention Trial, 374
Polysaccharides, 265, 341, 342, 343, 344,

350, 377
Polyunsaturated fatty acids, n-3. See also α-

Linoleic acid; other individual fatty
acids

absorption, 434
adverse effects of, 63, 487-494
AMDRs, 834-835
animal studies, 444-445, 492
and bleeding time, 492-493
and blood pressure, 829
and body fat, 832
and cancer, 54, 55, 833-834
and carbohydrate utilization, 832
and cardiovascular disease, 59, 455
and CHD, 59, 62-63, 455, 492, 826-827,

828-829
deficiency, 439-440, 443-447, 454-455,

469, 834
and diabetes, 494, 832-833
dietary intakes, 478, 959-960, 944, 1048-

1057

epidemiological studies, 826-828, 832
evidence considered for estimating

requirements, 443-447
excretion, 435
food sources, 478, 771
function, 8, 443, 444-445, 446, 466, 468,

469
and glucose metabolism, 833
and growth, 444-447, 468, 469, 471
hazard identification, 487-493
high-intake diets, 834
and immune function, 443, 487-492, 834
and insulin sensitivity, 832-833
interaction of n-6 and, 453-454
intervention studies (nonclinical), 828,

830-831, 832-833
and learning behavior, 445, 446, 447
by life stage and gender group, 11, 466-

473, 1048-1049
and lipid profile, 826, 828, 830-831
low intake diets, 826-834
metabolism, 434-435, 439, 445-447, 453-

456, 466
n-6:n-3 ratio, 8, 434, 439, 446-447, 454-

455, 472, 834
and neural development and function,

443, 444-445, 446, 466, 468, 469
and obesity, 832
oxidative damage, 493, 832
parenteral nutrition and, 443, 454-455,

469
protective effects of, 55, 826-834
randomized controlled clinical trials,

446, 828-829
research recommendations, 509, 514
special considerations, 469, 471-472, 494
and stroke risk, 59, 492-493, 827-828,

829, 834
supplements, 455, 471-472, 487-491, 492-

493, 494, 828, 829, 832, 833
and total fat, 58
trans fatty acid impact, 455-456
vegetarian diets, 466
and vision, 443, 444, 445, 446

Polyunsaturated fatty acids, n-6. See also
Linoleic acid; other specific fatty acids

absorption, 433
adverse effects of overconsumption, 486,

825
adverse effects of underconsumption,

821-822
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AIs, 461, 944-945
AMDRs, 486, 825-826
and cancer risk, 54, 824-825
and CHD, 59, 434, 798-799, 820-821
deficiency, 8, 438-439, 442, 454-455, 460,

463, 464, 785
and diabetes risk, 821
dietary intakes, 442, 478, 944, 959-960
energy contribution, 478, 821
epidemiological studies, 820-821
evidence considered for estimating

requirements, 442-443
excretion, 434
food sources, 476, 822
function, 426-427
and glucose metabolism, 821
high-intake diets, 823-825
and immune function, 439
and inflammatory disorders, 824
interaction of n-3 and, 453-454
intervention studies, 821
by life stage and gender group, 10, 460-

466
and lipid peroxidation, 823-824
and lipid profile, 59, 798-799, 820-821,

822-824
low fat diets and, 785
low intake diets, 820-823
metabolism, 8, 433-434, 442, 443, 453-

456, 476
n-6:n-3 ratio, 8, 434, 439, 442, 446-447,

454-455, 472, 834
parenteral nutrition and, 438, 442, 444,

454-455, 460, 464
primary, 426
requirement, 38
research recommendations, 508-509
special considerations, 461, 463
trans fatty acid impact, 455-456

Potassium, 650-653, 725, 838
Prealbumin, 609, 610
Pregnancy. See also Lactation

adaptation to, 34, 47, 197, 290, 291, 650
adolescents, 48, 193, 201-202, 292, 389,

465, 471-472, 650-652, 654, 655
AIs, 34, 47, 388, 465, 471-472
amino acids, 680-681, 709, 724, 726, 732,

735
animal studies, 709, 726
BMR, 185, 188-191, 291
body composition, 188, 191-192

carbohydrates, 188
cervical ripening, 472
CHD risk, 389
derivation of DRIs for, 34, 47-48
DLW studies, 193, 196-197, 290
EARs, 34, 47, 290-292, 650-655, 680
EERs, 107, 116-117, 185, 188-194, 437
energy metabolism, 47, 185, 188-189,

193, 194-195, 197, 290
fat (dietary), 290, 437
fiber, 353, 388
food supplementation trials, 654
glucose metabolism, 189-190, 290-291
growth of maternal and fetal tissues, 92,

190-192, 194-195
insulin resistance, 189, 291
multiparous, 656
nitrogen balance studies, 650-653, 654-

655
obesity and overweight, 191
obligatory fetal transfer, 47
physical activity, 190, 197, 907-911, 1164-

1165
polyunsaturated fatty acids, 465, 471-472
potassium balance, 650-653
protein, 839
RDA, 292, 656, 680-681
special considerations, 656
supplements, 654, 656, 726
TEE, 116, 193, 197, 290, 1164-1165
thermic effect of food, 190
ULs, 92
weight, 47-48, 188, 190, 191, 192, 196,

650, 652, 653, 655, 709, 726, 732,
908, 910

Prolactin, 189, 715
Proline (dispensable), 592, 593, 607, 697,

712, 717, 728-729, 736, 1016-1017
Prospective studies, breast cancer and

dietary fiber, 378
Prostaglandins, 434, 838
Prostate cancer, 54, 55, 56, 57, 321, 379,

486, 568, 578-579, 808, 819, 825, 833-
834, 837, 844

Protease, 602
Protective effects

α-linoleic acid, 427, 770
amino acids, 726
cancer prevention, 54, 55, 819, 833-834
CLA, 428, 836-838
diabetes type 2, 380-381
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fiber, 55-56, 59, 63, 322, 339, 348, 363,
367-368, 369, 372, 374, 375, 376-380

Protein. See also Amino acids; Nitrogen
absorption, 114, 599-600, 609
adaptations to metabolism of, 47, 293,

596, 605, 611, 650, 657, 694
adverse effects of, 692-694
age/aging and, 595, 602, 640-641, 642
AIs, 619-621
allergies, 692
AMDR, 15, 769, 844
amino acid content, 279, 621, 666, 682,

685-686
and amino acid homeostasis, 595-598
assessment of nutritional status, 609-610
and birth weight, 840
and blood pressure, 60, 843
and BMR, 598
body composition and, 626-629, 644, 843
body reserve, 595-596, 602, 609
and cancer, 54, 843-844
catabolism, 278, 284
and CHD, 60
chemistry, 590-592
chronic disease risk, 694
climate and, 640-641, 642
clinical effects of inadequate intake, 608-

609
complete, 691
and coronary artery disease, 694, 842-843
deficiency, 601-602, 608-610, 620, 662,

840
degradation, 602
deposition rates, 626-629, 665, 666, 669,

837
dietary intakes, 589, 596, 602-603, 624,

662, 692, 1060-1063, 1074-1075
digestion and digestability, 9, 589, 592,

599-600, 621, 662, 682-684, 688-690
dose–response assessment, 694
EARs, 12-13, 624-629, 631, 637, 643-644,

646-649, 650-654
efficiency of utilization, 666
energy contribution, 109, 589, 605, 647,

648, 771, 1062-1063, 1074-1075
factorial method, 624, 628, 629, 633,

657, 658
FAO/WHO recommendations, 648
fat intake and, 60, 271, 693
food sources, 48, 280-281, 620, 622-623,

640-641, 643, 691, 771

food supplementation trials, 654
function, 9, 38, 589, 590
gastrointestinal effects, 694
gender difference, 640-641, 643, 644
and gluconeogenesis, 278, 284, 287-288,

293
and glycemic index of foods, 269
and growth, 280-281, 608-609, 654, 683,

811, 839-840
hazard identification, 692-694
high-protein diets, 692-694, 712, 841-844
and immune function, 609, 621, 839
incomplete, 691
insulin response, 279
intake assessment, 695, 960-961
intestinal losses, 600-601
and kidney stones, 694, 841-842
by life stage and gender group, 12-13,

603, 619-662, 1060-1063, 1074-1075
and lipid profile, 60, 840, 843
low-protein diets, 648, 667, 697, 707,

709, 721, 731-732, 839-840
maintenance (homeostasis), 595-597,

598-599, 601-602, 625-627, 630, 632,
657, 660, 668, 683, 684

metabolism, 597-598, 609, 650, 657, 724
methods used to estimate requirements,

635, 637-639
micronutrient availability, 840, 841
nitrogen balance, 9, 279, 287, 611-613,

624-625, 632, 633-644, 650, 654-655,
684, 691, 693, 1250-1253

nitrogen/protein ratio, 684-685
and obesity, 694, 843
and osteoporosis, 694, 841
oxidation, 109
physical activity and, 660-661
planning diets, 946, 961, 964
quality, 14, 60, 589, 608, 611, 621, 643,

661-662, 682-691, 697, 721, 811, 840
RDAs, 9, 12-13, 25, 47, 278, 589, 612-613,

629-630, 631-633, 644-645, 649, 656,
659, 844, 946

and renal function, 609, 694, 842
research recommendations, 737
risk characterization, 695
selection of indicators for estimating

requirements, 610-613
special considerations, 621, 656, 660-662
sugar intakes and, 790-791
supplementation, 654, 656, 692, 694, 840
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synthesis, 114, 601-602, 603, 708-709
thermic effect of, 110, 114
total, 619-662
turnover, 598, 601, 602-603, 611, 650,

655, 705
ULs, 692-695
urea production, 594, 601, 603, 604-605,

611, 620, 650, 657, 671, 684, 693-694
vegetarians, 661-662, 840
and weight, 644, 647, 650, 652, 653, 654,

655
Protein digestibility corrected amino acid

score (PDCAAS), 688-690
Protein–energy malnutrition, 608-610, 704,

839, 840
Protein-free diet, 278, 635, 648, 667, 683
Psyllium (functional fiber), 347, 348, 356,

357-360, 365, 366, 371, 374-375, 388,
398-399, 693-694

Puberty/pubertal development
age at onset, 33, 983
developmental changes, 177
growth spurt, 142
racial/ethnic differences, 33

Purine nucleotide cycle, 604, 605
Pyrimidine nucleotides, 620
Pyruvate, 604, 605

R
Race/ethnicity. See also African Americans;

Caucasians
and BMR, 146
and energy expenditure, 145-146
and pubertal development
and reporting of dietary intakes, 117

Raffinose, 265, 342
Randomized clinical trials, 42-43, 828-829
Recommended Dietary Allowance (RDA)

AIs compared, 6, 26-27
coefficient of variation, 24-25, 47, 285,

289, 292, 293, 630, 632-633, 645, 656,
670, 679, 682

criteria used to derive, 6
defined, 3, 22, 23, 24, 285, 289-290, 292,

293, 629
derivation, 285, 629-630, 633, 644-645,

649, 656, 679, 682
EAR and, 23, 24
method used to set, 24-25, 34, 47, 981-

982

not established, 107
replacement with DRIs, 1, 936-937
uses, 24, 25, 26, 936, 938-939, 944, 946

Recommended Nutrient Intakes (RNIs), 31,
936-937

Reference weights and heights
and BMI, 35, 36, 124, 125, 126, 127-130
derivation of earlier values, 982-984
and energy requirements, 183
new, 35, 36, 982
use of, 34, 47, 659

Renal cancer, 844
Renal failure, 842
Renal function, 92
Reproductive effects, 701, 712, 713, 715
Requirement, defined, 21-22, 39
Research recommendations. See also

individual nutrients
adverse effects, 970-971
amino acids, 737-738
approach to setting, 968
body composition and size, 225, 240
carbohydrates, 323-324
cholesterol, 574-575, 578
chronic disease relationships to intakes,

970
data and database issues, 969-971
energy, 225, 240, 323-324
fat (total), 324, 505, 514
fiber, 399-400
major information gaps and, 18, 44, 969-

971
methodology, 969-970
monounsaturated fatty acids, 505
physical activity, 225, 829
polyunsaturated fatty acids, 508-509, 514
priorities, 18, 971
protein, 737
requirements, 969
saturated fatty acids, 505
trans fatty acids, 514

Resistant dextrins (dietary or functional
fiber), 341, 347, 360

Resistant starch (dietary or functional
fiber), 268, 342, 344, 347, 348, 360-
361, 366, 371, 376-377, 378, 382, 384,
390, 399

Respiratory quotient (RQ), 109, 119-120,
189, 196, 279, 291, 832

Resting energy expenditure (REE), 112,
114, 128, 133, 141, 212



INDEX 1313

Resting metabolic rate (RMR)
aging and, 143
body composition and size and, 131,

135, 138, 144
energy expenditure, 112, 131, 132, 141,

148, 165
FFM and, 113, 139
gender differences, 141
lactation and, 195
menstrual cycle and, 141
weight and, 113, 133, 135

Retinol, 792-793
Retinol binding protein, 609, 610
Rheumatoid arthritis, 487, 722, 824
Riboflavin, 790-791, 835, 840, 1228-1243
Risk assessment models. See also UL

modeling
application to nutrients, 27, 91-94
basic concepts, 86-87
bioavailability considerations, 93-94, 98
defined, 86, 976
environmental chemicals vs. nutrients, 91
EPA guidelines, 1246
and food safety, 86-90, 104
limitations, 100
nutrient–nutrient interactions, 93
process, 87-89, 97-98
sensitivity of individuals, 89, 92-93, 97-98,

100, 101
thresholds, 89-90
uncertainties, 86, 87, 91-92, 100, 1244-

1249
Risk characterization, 86, 89, 90, 976
Risk management, 87, 89, 104, 976

S
Satiety, 65, 313, 348, 382-384, 388, 794, 795,

796, 843
Saturated fatty acids. See also individual fatty

acids
absorption, 431-432
adverse effects of overconsumption, 481-

485
and BMI, 484
and cancer, 484
and CHD risk, 422, 481-484, 797, 798,

799
and diabetes (type 2) risk, 484-485
dietary intake, 474, 960, 1042-1043,

1072-1073, 1076-1077, 1226-1227

energy contribution, 474, 835, 1072-
1073, 1226-1227

evidence considered for estimating
requirements, 441, 460

excretion, 432
food sources, 424, 425, 474, 475-476,

771, 835, 836
function, 4, 422, 425, 432, 460, 484-485
and glucose tolerance, 484, 485
hazard identification, 481-485
high-intake diets, 836
and insulin sensitivity, 62, 484-485, 806
by life stage and gender group, 1042-

1043, 1072-1073
and lipid profile, 422, 432, 481-484, 560,

561, 809, 835
low intake diets, 835
metabolism, 4, 432
and micronutrient intakes, 835
and mortality incidence, 484
in nonvegetarian diets, 1076
and obesity, 484
properties, 424
reducing intakes, 836
research recommendations, 505
and total fat, 58, 424
in vegetarian diets, 835, 1076

Schizophrenia, 720
Scottish Heart Health Study, 316-317, 318-

319, 790-793
Selenium, 444
Sensitive subpopulations. See also Special

considerations
identification of, 97-98

Septicemia, 609, 705
Serine (dispensable), 591, 593, 594, 597,

604, 608, 711, 719, 729-730, 736,
1018-1019

Serotonin, 608, 706, 731, 732, 916
Seven Countries Study, 562, 817, 826, 827
Seventh Day Adventists, 363, 835
Skeletal health, physical activity and, 66
Skin cancer, 837
Sleeping metabolic rate (SMR), 112, 118,

140, 147, 165, 195
Snack foods, 118, 732-733
Socioeconomic status, and reporting of

dietary intakes, 117
Sodium, 725
Soft drinks, 312-313, 789
Soldiers, 148, 223
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Somnolence, 698, 700, 722, 733
Sorbitol, 266
Special considerations. See also individual

nutrients and life-stage groups
athletes, 221-223, 660-661
chronic diseases, 494
disabled individuals, 30, 660
dose–response assessment, 100, 101
drug interactions, 494
identification of, 92, 102
infant formula, 45, 283, 457, 461, 463,

469, 621
irritable bowel syndrome, 395
linoleic acid:α-linoleic acid ratio, 472
low carbohydrate diets, 293
muscle wasting diseases, 660
negative energy balance, 213-215
overweight and obesity, 202-213, 216-219
phenylketonuria, 728
physical activity, 660-661
twin pregnancy, 656
undernutrition, 220, 221
vegetarians, 661-662
weight maintenance, 202-204, 216-219
weight reduction, 209, 212, 213-215,

219
weight restoration, 220-221

Special Turku Coronary Risk Factor
Intervention Project, 811

Specific Dynamic Action. See Thermic effect
of food

Stachyose, 265, 342
Starch. See also Resistant starch

and cancer risk, 321
definition, 267-268
and dental caries, 296
digestion and digestibility, 269, 272
energy yields, 109
food sources, 265-266, 294
glycemic index, 323
insulin sensitivity, 303
lipogenesis, 59, 298-301, 302
slow release vs. fast release, 382

Starvation, 276, 277-279, 284, 430, 437, 595,
605, 609, 693, 704

Stearic acid, 58, 425, 431, 432, 483-484
Sterol-coenzyme A desaturase, 837
Sterol regulatory element-binding protein,

545, 562
Stroke, 59, 230-231, 492-493, 827-828
Stunting, 221, 701

Sucrase, 272, 592
Sucrose, 109, 266, 272, 274, 283, 294, 295,

297, 298-301, 302, 303, 311, 319, 345
Sugar, 323

added, 16, 65, 118, 266-267, 294, 295,
303, 312, 314-315, 318-319, 323, 770,
788-789, 790-793, 810, 812-813, 816,
957, 988-991, 1203-1225

adverse effects of, 295, 319-321
alcohols, 266, 341, 342
behavioral effects, 295-296, 323
and BMI, 65, 310, 313, 316-319
and cancer risk, 55, 319-320, 321, 323
and CHD risk, 303, 800-801
definition, 266-267
and dental caries, 61-62, 296-297, 323
and diabetes type 2, 303
dietary intakes, 118, 266, 294-295, 323,

988-991, 1206-1209, 1216-1219
digestion, 272
energy intake from, 65, 118, 273, 307,

310, 313, 314-315, 770
epidemiological studies, 800-801
extrinsic, 266, 297, 812
food sources, 266-267, 294, 312-313
glycemic index, 323
in high fat, low carbohydrate diets, 810
and insulin sensitivity, 303
intake assessment, 323
intestinal absorption, 273
intrinsic, 265
lipogenicity, 59, 297-302, 323
in low fat, high carbohydrate diets, 788-

789, 790-793
maximal intake levels, 16, 810, 816
and micronutrient intake levels, 788-789,

790-793, 809, 812, 1203-1225
and obesity, 307, 310-313, 314-319, 323
substitutes, 346, 695, 702-703, 727
total, 313, 314-315, 316-317, 789, 792,

809, 813-814
uses, 266

Sugar beet fiber, 383, 394, 838
Supplements, dietary. See also individual

nutrients
bioavailability considerations, 29, 93, 94
chronic consumption, 719, 727
clinical trials, 27-28, 85
data sources on intakes, 941
fiber, 345
impurities in, 733
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intake assessment, 88-89, 104
physical exercise and, 925-926
ULs and, 27, 85, 91-92, 104

T
Tarahumara Indians, 546, 561
Taste and smell acuity, 722
Taurine, 608
Teratogens, 708, 728
Testosterone, 543
Thermic effect of food (TEF). See also

individual nutrients
age/aging and, 134, 143, 165, 171, 179
alcohol, 109-110
defined, 109-110, 114
and energy expenditure, 114, 115, 116,

150, 165, 171
and energy requirements, 165, 171, 190,

196-197
fat, 114
infants, 165
lactation and, 196-197
obesity and overweight and, 133-134, 143
pregnancy and, 190
protein, 110, 114

Thermoregulation, 114, 116, 165-166
Thiamin, 790-791, 1228-1243
Threonine (indispensable), 589, 591, 593,

597, 601, 604, 615, 618, 661, 663-665,
666, 668, 671-682, 683, 686, 687, 689,
692, 723, 730-731, 736, 1020-1021

Threonine dehydrogenase, 678
Thrombosis, 427
Thromboxanes, 434, 454, 826
Thyroid hormones, 608
Thyroid stimulating hormone, 715
Toddlers, ages 1 through 3 years. See

Children
Tolerable Upper Intake Levels (ULs). See

also UL modeling
applicable population, 84, 89
criteria and proposed values, 12-13
defined, 3, 22, 23, 27-28, 84, 99
derivation of, 27, 85-86, 90, 96, 98, 101,

102
extrapolation on body-weight basis, 34,

47, 85, 86, 101
fortification of foods and, 27, 85
not established for macronutrients, 101-

104, 107, 224, 694, 770, 940, 946

offsetting benefits reduction, 103
supplement use and, 27, 85, 88-89, 91-92
uses, 27, 84, 85, 936, 940, 945, 947-948

Total energy expenditure (TEE). See also
Energy expenditure

approach used to determine, 151-164,
202-203

body composition and size and, 132
coefficients and standard errors, 1200-

1202
components of, 112-116
data analysis and assumptions for

equations, 154-157
defined, 116
DLW data, 116, 117, 119-121, 122-123,

138-139, 141, 151-157, 166, 174, 193,
198-199, 201, 291, 1104-1202

EEPA, 115-116, 117, 133, 138-140, 143-
144, 145-146, 147-148

EER derivation, 149-150, 166, 168-169,
174, 176, 181, 183, 186, 193-195, 201,
202-203, 208

equations for normal-weight children,
161-164, 1200

factorial approach, 116, 118-119
gender differences, 166, 174, 202-203,

204, 206-213, 217, 218-219
menstrual cycle and, 141
for obese and overweight individuals,

133, 153, 156-157, 202-204, 209-213,
1168-1182, 1184-1199, 1201-1202

PAL categories, 116, 157-161, 162-163,
164, 1122-1199

regression on variables, 159-161, 164,
214

reported energy intake and, 117-118
RMR and, 132, 148
TEF and, 116
underfeeding studies, 213-215
uses, 951
whole-body calorimetry measurements,

120, 122-123, 140
Toxicity

age and sensitivity to, 92
mechanisms of action, 97

Trans fatty acids
absorption, 436
adverse effects of, 436, 455-456, 494-505
and blood pressure, 504, 506-509
and cancer, 512-515
and cardiovascular disease, 503
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and cerebrovascular disease, 503
and CHD risk, 58, 423, 504, 510-513
controlled feeding trials, 496-499
dietary intakes, 436, 479, 835, 960
energy contribution, 479, 480
epidemiological studies, 510-515
evidence considered for estimating

requirements, 447, 473
excretion, 437
and fetal and infant growth, 436, 455
food sources, 48, 427-428, 436, 455, 479,

480, 495, 836
free-living trials, 500-503
function, 427-428
hazard identification, 494-504
and hemostatic factors, 504, 506-509
high-intake diets, 836
and LDL oxidation, 504, 506-509
and lipid profile, 58, 423, 494-503, 504
low-intake diets, 835
and Lp(a), 496-503, 510-511
measuring intakes, 436
metabolism, 436-437
and polyunsaturated fatty acid

metabolism metabolism, 455-456
properties, 424, 427
reducing intakes, 836
research recommendations, 514
transport, 436

Transamination, 604, 704, 712
Transferrin, 609, 610
Trauma, 596, 605
Trehalose, 266
Triacylglycerol or triacylglyceride. See also

Fat, total; Lipids and lipid
metabolism

amino acid intake and, 724
carbohydrate intakes and, 59, 275, 783
and CHD risk, 57-58, 59, 437
fat intake and, 777-781
fiber intake and, 60, 351, 354, 356, 357,

359, 360, 361, 367-368, 369
food sources, 473
gluconeogenesis, 275, 278
glycemic index and, 302, 322
glycerol content, 278, 279
hydrolysis of, 429
lipoprotein metabolism and, 61, 278
low fat, high carbohydrate diets and,

777-781
lypolysis, 431

monounsaturated fatty acid intake and,
817-818

physical exercise and, 60
polyunsaturated fatty acids and, 59, 820,

821, 822-823, 826, 828, 830-831
protein intake and, 60, 843
sugar intake and, 297-301
synthesis, 431, 432, 439
very low density lipoprotein, 430, 431, 439

Tricarboxylic acid (TCA) cycle, 274
Triceps skinfold measurements, 125, 128,

1080-1081, 1086-1087, 1092-1093,
1100-1101

Trisaccharides, 272
Trypsin, 599
Tryptophan (indispensable), 589, 591, 593,

608, 616, 663-665, 666, 668, 672-675,
677, 678, 679-682, 686, 687, 689, 692,
704, 705, 706, 707, 709, 710, 726,
731-734, 736, 1022-1023

24-Hour amino acid balance method, 616-
617, 670-671, 676, 677

2000 Dietary Guidelines for Americans, 124, 267
Typhoid vaccine, 488-489, 491
Tyrosine (conditionally indispensable), 589,

591, 593, 594, 597, 608, 617, 619,
663-665, 666, 668, 671-682, 686, 687,
689, 703, 704, 707, 709, 710, 726,
727, 734-736, 1024-1025

Tyrosinemia II, 735

U
Ubiquitin-protease system, 602
UCP1 gene, 145
UK National Diet and Nutrition Survey of

Children, 314-315, 790-791
UL modeling. See also Dose–response

assessment; Risk assessment models
critical endpoint, 93, 98, 99, 101, 102
data selection, 98
hazard identification, 94-98
mathematical models, 85-86
nutrient intake assessment, 104
risk characterization, 86, 89, 90, 104-105
uncertainty assessment, 89, 98, 100-101

Ulcerative colitis, 348, 371
Uncertainties

in AIs, 26, 44
amino acid scoring patterns, 688
approaches for dealing with, 1244-1249
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assessment, 89, 98, 100-101
case-by-case judgments, 1246-1247, 1248-

1249
in data, 86, 99, 1246
default options, 1246, 1248-1249
dose–response assessment, 98, 100-101
in exposure routes, 98
extrapolation from one age group to

another, 101
range of estimates applied to, 1246,

1248-1249
in risk assessment, 86, 87, 91-92, 100-

101, 102-103, 1244-1249
Uncertainty factors

defined, 90, 977
for energy intake, 224
inferences from experimental animal

studies, 100, 1245-1246
LOAEL instead of NOAEL, 100-101
selection of, 87, 99, 100
sensitivity of individuals, 100
sources of uncertainty in, 100-101
subchronic NOAEL to predict chronic

NOAEL, 101
use, 90, 91

Undernutrition, 130, 220
Underweight, 121, 130, 190, 811
United Kingdom Department of Health, 266
United Nations University, 621, 634
United States

fiber definitions, 340
human milk intake and composition,

172-173
physical activity recommendations, 882-

883
Urea, 114, 594, 601, 603, 604-605, 611, 620,

650, 657, 671, 684, 693-694, 699, 712
Uric acid, 603, 604
Urinary C-peptide, 322, 353, 361
U.S. Department of Agriculture, 49, 124,

266, 294, 344, 346, 391, 479, 771, 882
U.S. Department of Health and Human

Services
dietary intake survey data, 49
Office of Disease Prevention and Health

Promotion, 1
2000 Dietary Guidelines, 124, 882-883

U.S. Department of Health, Education, and
Welfare, 882

U.S. Environmental Protection Agency,
1246

V
Vaccenic acid, 426, 428
Valine (indispensable), 589, 591, 593, 597,

663-665, 666, 668, 672-675, 677, 678,
679-682, 686, 687, 689, 704-711, 726,
736, 1026-1027

Vegetables. See Fruits and vegetables
Vegetarians, 372, 466, 661-662, 835, 975,

1077
Very low density lipoprotein (VLDL), 61,

430, 439, 545
remnant, 431, 544

Vision, 439, 440, 468, 711, 714, 720, 722,
729

Vitamin A, 424, 609, 785, 788, 789, 790-793,
811, 812, 813, 1204-1211, 1214-1221,
1224-1225

Vitamin B6, 771, 785, 788, 789, 790-793,
1228-1243

Vitamin B12, 771, 785, 789, 790-791, 813,
835, 1228-1243

Vitamin C, 771, 788, 789, 790-791, 808, 813,
816, 1228-1243

Vitamin D, 424, 790-791, 811, 812, 840, 841
Vitamin E, 424, 444, 493, 785, 789, 790-793,

811, 812, 813, 829, 1204-1211, 1214-
1221, 1224-1225

Vitamin K, 424, 788
VLDL cholesterol, 843

W
Waist circumference, 124-125, 127, 1080-

1081, 1084-1085, 1094-1099, 1102-
1103

Water
and laxation, 370, 398
physical exercise and, 925-926

Weight. See also Obesity and overweight;
Reference weights and heights;
Underweight; individual life-stage
groups

adaptation, 150
adjustment of DRIs based on, 34
adults, 143, 183, 184, 220, 1078-1081,

1088-1091
age/aging and, 143, 167
amino acids and, 697, 698, 700, 707,

709, 713, 721, 724, 730, 731-732, 734
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BEE and, 116, 141, 150, 183, 184, 186,
206-213, 888

BMI and, 1080-1081
body fat and, 1090-1091
and chronic disease, 224, 226-229
and diabetes type 2, 802
energy balance and, 65, 150, 212, 214,

220
and energy expenditure, 116, 132, 135,

141, 150, 157, 159-161, 183, 184, 186,
206-213, 215, 216-219, 889, 891-895,
951

energy intake and, 121, 223-224, 793-
794, 951-952

and energy requirements, 112, 183, 184,
220

epidemiological studies, 382-383
fat intake and, 441, 452, 773-776, 809
fiber intake and, 65, 339, 351-352, 370,

382-384
gain, 47-48, 110, 121, 143, 144, 167, 186,

223-224, 226-229, 452, 650, 652, 653,
654, 655, 697, 698, 709, 730-732, 734,
802, 951-952

gender differences, 1078-1081, 1088-
1091

genetic factors, 144, 452
hypocaloric vs. isocaloric diets, 772
intervention studies, 311, 383-384
loss, 61, 65, 121, 199-200, 204, 209, 212,

215, 217, 219, 225, 311, 313, 351-352,
370, 383, 721, 843, 951

low fat, high carbohydrate diets, 311,
773-777

maintenance, 149, 202-209, 216-219,
382-383, 441, 773-777, 951-952

measurement confounding, 202-204
metabolic rate and, 112, 113, 135, 138
overeating and, 121, 151
physical exercise and, 61, 115-116, 213-

215, 452, 773
pregnancy, 47-48, 188, 190, 191, 192,

196, 650, 652, 653, 655, 709
protein (nitrogen) and, 598, 612, 843
rapid loss, 217
recommended, 117
regain after loss, 135
restoration, 220-221
stabilization, 138
and TEE, 159-161
velocity, 142

Whites. See Caucasians
Whole-body calorimetry, 120, 122-123
Women. See also Gender differences;

Lactation; Pregnancy
bone mineral density, 841, 928
calcium, 789, 841
carbohydrate intakes compared to other

nutrients, 1238-1243
CHD, 363, 364
colon cancer, 373
diabetes type 2, 380, 381
energy expenditure, 140
fiber, 363, 364, 373, 380, 381
glycemic load, 303
menopause, 141, 143, 921
metabolic rate, 140, 141
nutrient intakes with added sugars,

1218-1225
oral contraceptives, 921
physical activity, 138, 140, 894, 913, 921,

928
premenopausal, 140, 141
protein intakes, 695, 841
reference weights and heights, 126
weight control, 352, 773

Women’s Health Initiative Observational
Study, 913

World Cancer Research Fund, 321
World Health Organization, 84, 110, 121,

621, 634, 648, 684, 913

X
Xylose, 345

Y
Youth Risk Behavior Study, 923

Z
Zinc, 221, 391, 394, 397-398, 705, 721-723,

771, 785, 789, 790-793, 812, 813-814,
840, 1204-1209, 1212-1219, 1222-
1225, 1228-1243

Zutphen Elderly Study, 381, 483, 826, 827
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Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Vitamins
Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage Vitamin A Vitamin C Vitamin D Vitamin E Vitamin K Thiamin
Group (µg/d)a (mg/d) (µg/d)b,c (mg/d)d (µg/d) (mg/d)

Infants
0–6 mo 400* 40* 5* 4* 2.0* 0.2*
7–12 mo 500* 50* 5* 5* 2.5* 0.3*

Children
1–3 y 300 15 5* 6 30* 0.5
4–8 y 400 25 5* 7 55* 0.6

Males
9–13 y 600 45 5* 11 60* 0.9

14–18 y 900 75 5* 15 75* 1.2
19–30 y 900 90 5* 15 120* 1.2
31–50 y 900 90 5* 15 120* 1.2
51–70 y 900 90 10* 15 120* 1.2
> 70 y 900 90 15* 15 120* 1.2

Females
9–13 y 600 45 5* 11 60* 0.9

14–18 y 700 65 5* 15 75* 1.0
19–30 y 700 75 5* 15 90* 1.1
31–50 y 700 75 5* 15 90* 1.1
51–70 y 700 75 10* 15 90* 1.1
> 70 y 700 75 15* 15 90* 1.1

Pregnancy
14–18 y 750 80 5* 15 75* 1.4
19–30 y 770 85 5* 15 90* 1.4
31–50 y 770 85 5* 15 90* 1.4

Lactation
14–18 y 1,200 115 5* 19 75* 1.4
19–30 y 1,300 120 5* 19 90* 1.4
31–50 y 1,300 120 5* 19 90* 1.4

NOTE: This table (taken from the DRI reports, see www.nap.edu) presents Recom-
mended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in ordi-
nary type followed by an asterisk (*). RDAs and AIs may both be used as goals for
individual intake. RDAs are set to meet the needs of almost all (97 to 98 percent)
individuals in a group. For healthy breastfed infants, the AI is the mean intake. The AI
for other life stage and gender groups is believed to cover needs of all individuals in the
group, but lack of data or uncertainty in the data prevent being able to specify with
confidence the percentage of individuals covered by this intake.

a As retinol activity equivalents (RAEs). 1 RAE = 1 µg retinol, 12 µg β-carotene, 24 µg
α-carotene, or 24 µg β-cryptoxanthin. The RAE for dietary provitamin A carotenoids is
twofold greater than retinol equivalents (RE), whereas the RAE for preformed vitamin
A is the same as RE.

b As cholecalciferol. 1 µg cholecalciferol = 40 IU vitamin D.
c In the absence of adequate exposure to sunlight.
d As α-tocopherol. α-Tocopherol includes RRR-α-tocopherol, the only form of

α-tocopherol that occurs naturally in foods, and the 2R-stereoisomeric forms of
α-tocopherol (RRR-, RSR-, RRS-, and RSS-α-tocopherol) that occur in fortified foods
and supplements. It does not include the 2S-stereoisomeric forms of α-tocopherol (SRR-,
SSR-, SRS-, and SSS-α-tocopherol), also found in fortified foods and supplements.

e As niacin equivalents (NE). 1 mg of niacin = 60 mg of tryptophan; 0–6 months =
preformed niacin (not NE).

f As dietary folate equivalents (DFE). 1 DFE = 1 µg food folate = 0.6 µg of folic acid
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from fortified food or as a supplement consumed with food = 0.5 µg of a supplement
taken on an empty stomach.

g Although AIs have been set for choline, there are few data to assess whether a
dietary supply of choline is needed at all stages of the life cycle, and it may be that the
choline requirement can be met by endogenous synthesis at some of these stages.

h Because 10 to 30 percent of older people may malabsorb food-bound B12, it is
advisable for those older than 50 years to meet their RDA mainly by consuming foods
fortified with B12 or a supplement containing B12.

i In view of evidence linking folate intake with neural tube defects in the fetus, it is
recommended that all women capable of becoming pregnant consume 400 µg from
supplements or fortified foods in addition to intake of food folate from a varied diet.

j It is assumed that women will continue consuming 400 µg from supplements or
fortified food until their pregnancy is confirmed and they enter prenatal care, which
ordinarily occurs after the end of the periconceptional period—the critical time for
formation of the neural tube.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and
Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for
Vitamin C, Vitamin E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin
A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel,
Silicon, Vanadium, and Zinc (2001); and Dietary Reference Intakes for Water, Potassium, Sodium,
Chloride, and Sulfate (2005). These reports may be accessed via http://www.nap.edu.

Riboflavin Niacin Vitamin B6 Folate Vitamin B12 Pantothenic Biotin Choline
(mg/d) (mg/d)e (mg/d) (µg/d)f (µg/d) Acid (mg/d) (µg/d) (mg/d)g

0.3* 2* 0.1* 65* 0.4* 1.7* 5* 125*
0.4* 4* 0.3* 80* 0.5* 1.8* 6* 150*

0.5 6 0.5 150 0.9 2* 8* 200*
0.6 8 0.6 200 1.2 3* 12* 250*

0.9 12 1.0 300 1.8 4* 20* 375*
1.3 16 1.3 400 2.4 5* 25* 550*
1.3 16 1.3 400 2.4 5* 30* 550*
1.3 16 1.3 400 2.4 5* 30* 550*
1.3 16 1.7 400 2.4h 5* 30* 550*
1.3 16 1.7 400 2.4h 5* 30* 550*

0.9 12 1.0 300 1.8 4* 20* 375*
1.0 14 1.2 400i 2.4 5* 25* 400*
1.1 14 1.3 400i 2.4 5* 30* 425*
1.1 14 1.3 400i 2.4 5* 30* 425*
1.1 14 1.5 400 2.4h 5* 30* 425*
1.1 14 1.5 400 2.4h 5* 30* 425*

1.4 18 1.9 600j 2.6 6* 30* 450*
1.4 18 1.9 600j 2.6 6* 30* 450*
1.4 18 1.9 600j 2.6 6* 30* 450*

1.6 17 2.0 500 2.8 7* 35* 550*
1.6 17 2.0 500 2.8 7* 35* 550*
1.6 17 2.0 500 2.8 7* 35* 550*
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Life Stage Calcium Chromium Copper Fluoride Iodine Iron Magnesium
Group (mg/d) (µg/d) (µg/d) (mg/d) (µg/d) (mg/d) (mg/d)

Infants
0–6 mo 210* 0.2* 200* 0.01* 110* 0.27* 30*
7–12 mo 270* 5.5* 220* 0.5* 130* 11 75*

Children
1–3 y 500* 11* 340 0.7* 90 7 80
4–8 y 800* 15* 440 1* 90 10 130

Males
9–13 y 1,300* 25* 700 2* 120 8 240

14–18 y 1,300* 35* 890 3* 150 11 410
19–30 y 1,000* 35* 900 4* 150 8 400
31–50 y 1,000* 35* 900 4* 150 8 420
51–70 y 1,200* 30* 900 4* 150 8 420
> 70 y 1,200* 30* 900 4* 150 8 420

Females
9–13 y 1,300* 21* 700 2* 120 8 240

14–18 y 1,300* 24* 890 3* 150 15 360
19–30 y 1,000* 25* 900 3* 150 18 310
31–50 y 1,000* 25* 900 3* 150 18 320
51–70 y 1,200* 20* 900 3* 150 8 320
> 70 y 1,200* 20* 900 3* 150 8 320

Pregnancy
14–18 y 1,300* 29* 1,000 3* 220 27 400
19–30 y 1,000* 30* 1,000 3* 220 27 350
31–50 y 1,000* 30* 1,000 3* 220 27 360

Lactation
14–18 y 1,300* 44* 1,300 3* 290 10 360
19–30 y 1,000* 45* 1,300 3* 290 9 310
31–50 y 1,000* 45* 1,300 3* 290 9 320

Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Elements
Food and Nutrition Board, Institute of Medicine, National Academies

NOTE: This table presents Recommended Dietary Allowances (RDAs) in bold type and
Adequate Intakes (AIs) in ordinary type followed by an asterisk (*). RDAs and AIs may
both be used as goals for individual intake. RDAs are set to meet the needs of almost all
(97 to 98 percent) individuals in a group. For healthy breastfed infants, the AI is the
mean intake. The AI for other life stage and gender groups is believed to cover needs of
all individuals in the group, but lack of data or uncertainty in the data prevent being
able to specify with confidence the percentage of individuals covered by this intake.
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SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and
Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for
Vitamin C, Vitamin E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A,
Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel,
Silicon, Vanadium, and Zinc (2001); and Dietary Reference Intakes for Water, Potassium, Sodium,
Chloride, and Sulfate (2005). These reports may be accessed via http://www.nap.edu.

Manganese Molybdenum Phosphorus Selenium Zinc Potassium Sodium Chloride
(mg/d) (µg/d) (mg/d) (µg/d) (mg/d) (g/d) (g/d) (g/d)

0.003* 2* 100* 15* 2* 0.4* 0.12* 0.18*
0.6* 3* 275* 20* 3 0.7* 0.37* 0.57*

1.2* 17 460 20 3 3.0* 1.0* 1.5*
1.5* 22 500 30 5 3.8* 1.2* 1.9*

1.9* 34 1,250 40 8 4.5* 1.5* 2.3*
2.2* 43 1,250 55 11 4.7* 1.5* 2.3*
2.3* 45 700 55 11 4.7* 1.5* 2.3*
2.3* 45 700 55 11 4.7* 1.5* 2.3*
2.3* 45 700 55 11 4.7* 1.3* 2.0*
2.3* 45 700 55 11 4.7* 1.2* 1.8*

1.6* 34 1,250 40 8 4.5* 1.5* 2.3*
1.6* 43 1,250 55 9 4.7* 1.5* 2.3*
1.8* 45 700 55 8 4.7* 1.5* 2.3*
1.8* 45 700 55 8 4.7* 1.5* 2.3*
1.8* 45 700 55 8 4.7* 1.3* 2.0*
1.8* 45 700 55 8 4.7* 1.2* 1.8*

2.0* 50 1,250 60 12 4.7* 1.5* 2.3*
2.0* 50 700 60 11 4.7* 1.5* 2.3*
2.0* 50 700 60 11 4.7* 1.5* 2.3*

2.6* 50 1,250 70 13 5.1* 1.5* 2.3*
2.6* 50 700 70 12 5.1* 1.5* 2.3*
2.6* 50 700 70 12 5.1* 1.5* 2.3*
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Total Carbo- Total Linoleic α-Linolenic
Life Stage Watera hydrate Fiber Fat Acid Acid Proteinb

Group (L/d) (g/d) (g/d) (g/d) (g/d) (g/d) (g/d)

Infants
0–6 mo 0.7* 60* ND 31* 4.4* 0.5* 9.1*
7–12 mo 0.8* 95* ND 30* 4.6* 0.5* 11.0+

Children
1–3 y 1.3* 130 19* NDc 7* 0.7* 13
4–8 y 1.7* 130 25* ND 10* 0.9* 19

Males
9–13 y 2.4* 130 31* ND 12* 1.2* 34

14–18 y 3.3* 130 38* ND 16* 1.6* 52
19–30 y 3.7* 130 38* ND 17* 1.6* 56
31–50 y 3.7* 130 38* ND 17* 1.6* 56
51–70 y 3.7* 130 30* ND 14* 1.6* 56
> 70 y 3.7* 130 30* ND 14* 1.6* 56

Females
9–13 y 2.1* 130 26* ND 10* 1.0* 34

14–18 y 2.3* 130 26* ND 11* 1.1* 46
19–30 y 2.7* 130 25* ND 12* 1.1* 46
31–50 y 2.7* 130 25* ND 12* 1.1* 46
51–70 y 2.7* 130 21* ND 11* 1.1* 46
> 70 y 2.7* 130 21* ND 11* 1.1* 46

Pregnancy
14–18 y 3.0* 175 28* ND 13* 1.4* 71
19–30 y 3.0* 175 28* ND 13* 1.4* 71
31–50 y 3.0* 175 28* ND 13* 1.4* 71

Lactation
14–18 y 3.8* 210 29* ND 13* 1.3* 71
19–30 y 3.8* 210 29* ND 13* 1.3* 71
31–50 y 3.8* 210 29* ND 13* 1.3* 71

NOTE: This table presents Recommended Dietary Allowances (RDAs) in bold type
and Adequate Intakes (AIs) in ordinary type followed by an asterisk (*). RDAs and AIs
may both be used as goals for individual intake. RDAs are set to meet the needs of
almost all (97 to 98 percent) individuals in a group. For healthy breastfed infants, the
AI is the mean intake. The AI for other life stage and gender groups is believed to cover
the needs of all individuals in the group, but lack of data or uncertainty in the data
prevent being able to specify with confidence the percentage of individuals covered by
this intake. The plus (+) symbol indicates a change from the prepublication copy due to
a calculation error.

a Total water includes all water contained in food, beverages, and drinking water.
b Based on g protein per kg of body weight for the reference body weight, e.g., for

adults 0.8 g/kg body weight for the reference body weight.
c Not determined.
SOURCES: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol,

Protein, and Amino Acids (2002/2005); Dietary Reference Intakes for Water, Potassium, Sodium,
Chloride, and Sulfate (2005). These reports may be accessed via http://www.nap.edu.

Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Total
Water and Macronutrients
Food and Nutrition Board, Institute of Medicine, National Academies
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Dietary Reference Intakes (DRIs): Additional Macronutrient Recommendations
Food and Nutrition Board, Institute of Medicine, National Academies

Macronutrient Recommendation

Dietary cholesterol As low as possible while consuming a nutritionally
adequate diet

Trans fatty acids As low as possible while consuming a nutritionally
adequate diet

Saturated fatty acids As low as possible while consuming a nutritionally
adequate diet

Added sugars Limit to no more than 25% of total energy

SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol,
Protein, and Amino Acids (2002/2005).

Dietary Reference Intakes (DRIs): Acceptable Macronutrient Distribution Ranges
Food and Nutrition Board, Institute of Medicine, National Academies

Range (percent of energy)

Children, Children,
Macronutrient 1–3 y 4–18 y Adults

Fat 30–40 25–35 20–35
n-6 Polyunsaturated fatty acidsa

(linoleic acid) 5–10 5–10 5–10
n-3 Polyunsaturated fatty acidsa

(α-linolenic acid) 0.6–1.2 0.6–1.2 0.6–1.2
Carbohydrate 45–65 45–65 45–65
Protein 5–20 10–30 10–35

a Approximately 10 percent of the total can come from longer-chain n-3 or n-6 fatty
acids.

SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol,
Protein, and Amino Acids (2002/2005).
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Life Stage Vitamin A Vitamin C Vitamin D Vitamin E
Group (µg/d)b (mg/d) (µg/d) (mg/d)c,d Vitamin K Thiamin

Infants
0–6 mo 600 NDf 25 ND ND ND
7–12 mo 600 ND 25 ND ND ND

Children
1–3 y 600 400 50 200 ND ND
4–8 y 900 650 50 300 ND ND

Males, Females
9–13 y 1,700 1,200 50 600 ND ND

14–18 y 2,800 1,800 50 800 ND ND
19–70 y 3,000 2,000 50 1,000 ND ND
> 70 y 3,000 2,000 50 1,000 ND ND

Pregnancy
14–18 y 2,800 1,800 50 800 ND ND
19–50 y 3,000 2,000 50 1,000 ND ND

Lactation
14–18 y 2,800 1,800 50 800 ND ND
19–50 y 3,000 2,000 50 1,000 ND ND

Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels (ULa), Vitamins
Food and Nutrition Board, Institute of Medicine, National Academies

a UL = The highest level of daily nutrient intake that is likely to pose no risk of
adverse health effects to almost all individuals in the general population. Unless other-
wise specified, the UL represents total intake from food, water, and supplements. Due
to lack of suitable data, ULs could not be established for vitamin K, thiamin, riboflavin,
vitamin B12, pantothenic acid, biotin, and carotenoids. In the absence of ULs, extra
caution may be warranted in consuming levels above recommended intakes.

b As preformed vitamin A only.
c As α-tocopherol; applies to any form of supplemental α-tocopherol.
d The ULs for vitamin E, niacin, and folate apply to synthetic forms obtained from

supplements, fortified foods, or a combination of the two.
e β-Carotene supplements are advised only to serve as a provitamin A source for

individuals at risk of vitamin A deficiency.
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f ND = Not determinable due to lack of data of adverse effects in this age group and
concern with regard to lack of ability to handle excess amounts. Source of intake should
be from food only to prevent high levels of intake.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and
Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for
Vitamin C, Vitamin E, Selenium, and Carotenoids (2000); and Dietary Reference Intakes for
Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum,
Nickel, Silicon, Vanadium, and Zinc (2001). These reports may be accessed via http://
www.nap.edu.

Ribo- Niacin Vitamin B6 Folate Vitamin Pantothenic Choline Carote-
flavin (mg/d)d (mg/d) (µg/d)d B12 Acid Biotin (g/d) noidse

ND ND ND ND ND ND ND ND ND
ND ND ND ND ND ND ND ND ND

ND 10 30 300 ND ND ND 1.0 ND
ND 15 40 400 ND ND ND 1.0 ND

ND 20 60 600 ND ND ND 2.0 ND
ND 30 80 800 ND ND ND 3.0 ND
ND 35 100 1,000 ND ND ND 3.5 ND
ND 35 100 1,000 ND ND ND 3.5 ND

ND 30 80 800 ND ND ND 3.0 ND
ND 35 100 1,000 ND ND ND 3.5 ND

ND 30 80 800 ND ND ND 3.0 ND
ND 35 100 1,000 ND ND ND 3.5 ND



1328

Calci- Fluo- Magne-
Life Stage Arse- Boron um Chro- Copper ride Iodine Iron sium
Group nicb (mg/d) (g/d) mium (µg/d) (mg/d) (µg/d) (mg/d) (mg/d)c

Infants
0–6 mo NDf ND ND ND ND 0.7 ND 40 ND
7–12 mo ND ND ND ND ND 0.9 ND 40 ND

Children
1–3 y ND 3 2.5 ND 1,000 1.3 200 40 65
4–8 y ND 6 2.5 ND 3,000 2.2 300 40 110

Males, Females
9–13 y ND 11 2.5 ND 5,000 10 600 40 350

14–18 y ND 17 2.5 ND 8,000 10 900 45 350
19–70 y ND 20 2.5 ND 10,000 10 1,100 45 350
> 70 y ND 20 2.5 ND 10,000 10 1,100 45 350

Pregnancy
14–18 y ND 17 2.5 ND 8,000 10 900 45 350
19–50 y ND 20 2.5 ND 10,000 10 1,100 45 350

Lactation
14–18 y ND 17 2.5 ND 8,000 10 900 45 350
19–50 y ND 20 2.5 ND 10,000 10 1,100 45 350

Dietary Reference Intakes (DRIs): Tolerable Upper Intake Levels (ULa), Elements
Food and Nutrition Board, Institute of Medicine, National Academies

a UL = The highest level of daily nutrient intake that is likely to pose no risk of
adverse health effects to almost all individuals in the general population. Unless other-
wise specified, the UL represents total intake from food, water, and supplements. Due
to lack of suitable data, ULs could not be established for arsenic, chromium, silicon,
potassium, and sulfate. In the absence of ULs, extra caution may be warranted in
consuming levels above recommended intakes.

b Although the UL was not determined for arsenic, there is no justification for adding
arsenic to food or supplements.

c The ULs for magnesium represent intake from a pharmacological agent only and
do not include intake from food and water.

d Although silicon has not been shown to cause adverse effects in humans, there is no
justification for adding silicon to supplements.

e Although vanadium in food has not been shown to cause adverse effects in humans,
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there is no justification for adding vanadium to food and vanadium supplements should
be used with caution. The UL is based on adverse effects in laboratory animals and this
data could be used to set a UL for adults but not children and adolescents.

f ND = Not determinable due to lack of data of adverse effects in this age group and
concern with regard to lack of ability to handle excess amounts. Source of intake should
be from food only to prevent high levels of intake.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and
Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vita-
min C, Vitamin E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A,
Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel,
Silicon, Vanadium, and Zinc (2001); and Dietary Reference Intakes for Water, Potassium, Sodium,
Chloride, and Sulfate (2005).  These reports may be accessed via http://www.nap.edu.

Manga- Molyb- Phos- Sele- Vana- Sodi- Chlo-
nese denum Nickel phorus Potas- nium Sili- Sul- dium Zinc um ride
(mg/d) (µg/d) (mg/d) (g/d) sium (µg/d) cond fate (mg/d)e (mg/d) (g/d) (g/d)

ND ND ND ND ND 45 ND ND ND 4 ND ND
ND ND ND ND ND 60 ND ND ND 5 ND ND

2 300 0.2 3.0 ND 90 ND ND ND 7 1.5 2.3
3 600 0.3 3.0 ND 150 ND ND ND 12 1.9 2.9

6 1,100 0.6 4.0 ND 280 ND ND ND 23 2.2 3.4
9 1,700 1.0 4.0 ND 400 ND ND ND 34 2.3 3.6

11 2,000 1.0 4.0 ND 400 ND ND 1.8 40 2.3 3.6
11 2,000 1.0 3.0 ND 400 ND ND 1.8 40 2.3 3.6

9 1,700 1.0 3.5 ND 400 ND ND ND 34 2.3 3.6
11 2,000 1.0 3.5 ND 400 ND ND ND 40 2.3 3.6

9 1,700 1.0 4.0 ND 400 ND ND ND 34 2.3 3.6
11 2,000 1.0 4.0 ND 400 ND ND ND 40 2.3 3.6
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Ribo-
Life Stage CHO Protein Vit A Vit C Vit E Thiamin flavin Niacin Vit B6
Group (g/d) (g/kg/d)(µg/d)a (mg/d) (mg/d)b (mg/d) (mg/d) (mg/d)c (mg/d)

Infants
7–12 mo 1.0

Children
1–3 y 100 0.87 210 13 5 0.4 0.4 5 0.4
4–8 y 100 0.76 275 22 6 0.5 0.5 6 0.5

Males
9–13 y 100 0.76 445 39 9 0.7 0.8 9 0.8

14–18 y 100 0.73 630 63 12 1.0 1.1 12 1.1
19–30 y 100 0.66 625 75 12 1.0 1.1 12 1.1
31–50 y 100 0.66 625 75 12 1.0 1.1 12 1.1
51–70 y 100 0.66 625 75 12 1.0 1.1 12 1.4
> 70 y 100 0.66 625 75 12 1.0 1.1 12 1.4

Females
9–13 y 100 0.76 420 39 9 0.7 0.8 9 0.8

14–18 y 100 0.71 485 56 12 0.9 0.9 11 1.0
19–30 y 100 0.66 500 60 12 0.9 0.9 11 1.1
31–50 y 100 0.66 500 60 12 0.9 0.9 11 1.1
51–70 y 100 0.66 500 60 12 0.9 0.9 11 1.3
> 70 y 100 0.66 500 60 12 0.9 0.9 11 1.3

Pregnancy
14–18 y 135 0.88 530 66 12 1.2 1.2 14 1.6
19–30 y 135 0.88 550 70 12 1.2 1.2 14 1.6
31–50 y 135 0.88 550 70 12 1.2 1.2 14 1.6

Lactation
14–18 y 160 1.05 885 96 16 1.2 1.3 13 1.7
19–30 y 160 1.05 900 100 16 1.2 1.3 13 1.7
31–50 y 160 1.05 900 100 16 1.2 1.3 13 1.7

Dietary Reference Intakes (DRIs): Estimated Average Requirements for Groups
Food and Nutrition Board, Institute of Medicine, National Academies

NOTE: This table presents Estimated Average Requirements (EARs), which serve two
purposes: for assessing adequacy of population intakes and as the basis for calculating
Recommended Dietary Allowances (RDAs) for individuals. EARs have not been estab-
lished for vitamin D, vitamin K, pantothenic acid, biotin, choline, calcium, chromium,
fluoride, manganese, or other nutrients not yet evaluated via the DRI process.

a As retinol activity equivalents (RAEs). 1 RAE = 1 µg retinol, 12 µg β-carotene, 24 µg
α-carotene, or 24 µg β-cryptoxanthin. The RAE for dietary provitamin A carotenoids is
twofold greater than retinol equivalents (RE), whereas the RAE for preformed vitamin A
is the same as RE.

b As α-tocopherol. α-Tocopherol includes RRR-α-tocopherol, the only form of
α-tocopherol that occurs naturally in foods, and the 2R-stereoisomeric forms of
α-tocopherol (RRR-, RSR-, RRS-, and RSS-α-tocopherol) that occur in fortified foods
and supplements. It does not include the 2S-stereoisomeric forms of α-tocopherol (SRR-,
SSR-, SRS-, and SSS-α-tocopherol), also found in fortified foods and supplements.
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c As niacin equivalents (NE). 1 mg of niacin = 60 mg of tryptophan.
d As dietary folate equivalents (DFE). 1 DFE = 1 µg food folate = 0.6 µg of folic acid

from fortified food or as a supplement consumed with food = 0.5 µg of a supplement
taken on an empty stomach.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and
Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate,
Vitamin B12, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vita-
min C, Vitamin E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for Vitamin A,
Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel,
Silicon, Vanadium, and Zinc (2001), and Dietary Reference Intakes for Energy, Carbohydrate,
Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (2002/2005). These reports
may be accessed via www.nap.edu.

Magnes- Molyb- Phos- Sele-
Folate Vit B12 Copper Iodine Iron ium denum phorus nium Zinc
(µg/d)a (µg/d) (µg/d) (µg/d) (mg/d) (mg/d) (µg/d) (mg/d) (µg/d) (mg/d)

6.9 2.5

120 0.7 260 65 3.0 65 13 380 17 2.5
160 1.0 340 65 4.1 110 17 405 23 4.0

250 1.5 540 73 5.9 200 26 1,055 35 7.0
330 2.0 685 95 7.7 340 33 1,055 45 8.5
320 2.0 700 95 6 330 34 580 45 9.4
320 2.0 700 95 6 350 34 580 45 9.4
320 2.0 700 95 6 350 34 580 45 9.4
320 2.0 700 95 6 350 34 580 45 9.4

250 1.5 540 73 5.7 200 26 1,055 35 7.0
330 2.0 685 95 7.9 300 33 1,055 45 7.3
320 2.0 700 95 8.1 255 34 580 45 6.8
320 2.0 700 95 8.1 265 34 580 45 6.8
320 2.0 700 95 5 265 34 580 45 6.8
320 2.0 700 95 5 265 34 580 45 6.8

520 2.2 785 160 23 335 40 1,055 49 10.5
520 2.2 800 160 22 290 40 580 49 9.5
520 2.2 800 160 22 300 40 580 49 9.5

450 2.4 985 209 7 300 35 1,055 59 10.9
450 2.4 1,000 209 6.5 255 36 580 59 10.4
450 2.4 1,000 209 6.5 265 36 580 59 10.4


