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a diligent and enthusiastic member of the panel who made significant
contributions to this study. His expertise in protein and amino acid
metabolism was a special asset to the panel’s work, as well as a contribution
to the understanding of protein and amino acid requirements.
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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-

XV
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XVl PREFACE

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

Copyright National Academy of Sciences. All rights reserved.
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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-
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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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2 DIETARY REFERENCE INTAKES
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).

e The establishment of Adequate Intakes (AI) for Total Fiber (Chapter 7).

® The establishment of Als for linoleic and or-linolenic acids (Chapter 8).

® Acceptable Macronutrient Distribution Ranges as a percent of energy
intake for fat, carbohydrate, linoleic and o-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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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 (Al): 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.?

@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.

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.
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4 DIETARY REFERENCE INTAKES

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 (Al) 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 Al 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 Al, EAR, or RDA is set. The n-6
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TABLE S-1 Criteria and Dietary Reference Intake Values for
Energy by Active Individuals by Life Stage Group*

Active PAL EER? (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 2y Energy expenditure plus 1,046 992 (24 mo)
energy deposition
3 through 8 y Energy expenditure plus 1,742 1,642 (6y)
energy deposition
9 through 13y  Energy expenditure plus 2,279 2,071 (11y)
energy deposition
14 through 18 y  Energy expenditure plus 3,152 2,368 (16y)
energy deposition
> 18y Energy expenditure 3,067¢ 2,403¢ (19 y)
Pregnancy
14 through 18 y = Adolescent female EER plus change
1st trimester in Total Energy Expenditure (TEE) 2,368 (16y)
2nd trimester plus pregnancy energy deposition 2,708 (16y)
3rd trimester 2,820 (16y)
19 through 50 y =~ Adult female EER plus change in
Ist trimester TEE plus pregnancy energy 2,403¢ (19 y)
2nd trimester deposition 2,743 (19 y)
3rd trimester 2,855¢ (19 y)
Lactation
14 through 18 y = Adolescent female EER plus milk
Ist 6 mo energy output minus weight loss 2,698 (16y)
2nd 6 mo 2,768 (16y)
19 through 50 y  Adult female EER plus milk energy
1st 6 mo output minus weight loss 2,733¢ (19 y)
2nd 6 mo 2,803¢ (19 y)

@ 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.

0 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).

¢ Subtract 10 kcal/d for males and 7 kcal/d for females for each year of age above 19 years.

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 Al for linoleic acid is based on the median
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TABLE S-2 Criteria and Dietary Reference Intake Values for
Carbohydrate by Life Stage Group

EARY (g/d) RDA? (g/d)

Life Stage Group Criterion Male Female Male Female AI¢ (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 3y Extrapolation from 100 100 130 130
adult data
4 through 8 y Extrapolation from 100 100 130 130
adult data
9 through 13y Extrapolation from 100 100 130 130
adult data
14 through 18y Extrapolation from 100 100 130 130
adult data
> 18y Brain glucose utilization 100 100 130 130
Pregnancy
14 through 18y 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 18y 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

@EAR = Estimated Average Requirement. The intake that meets the estimated nutrient
needs of half the individuals in a group.

O RDA = Recommended Dietary Allowance. The intake that meets the nutrient need of
almost all (97-98 percent) individuals in a group.

¢Al = 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 Al is used if sufficient scientific evidence is not available to derive an
EAR. For healthy infants receiving human milk, the Al is the mean intake. The Al 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

AI% (g/d)
Life Stage Group Criterion Male Female
0 through 6 mo ND?  ND
7 through 12 mo ND ND
1 through 3y Intake level shown to provide the 19 19

greatest protection against coronary
heart disease (14 g/1,000 kcal) x
median energy intake level
(kcal /1,000 kcal/d)
4 through 8y Intake level shown to provide the 25 25
greatest protection against coronary
heart disease (14 g/1,000 kcal) x
median energy intake level
(kcal/1,000 kcal/d)
9 through 13y Intake level shown to provide the 31 26
greatest protection against coronary
heart disease (14 g/1,000 kcal) x
median energy intake level
(kcal /1,000 kcal/d)
14 through 18y 38 26
19 through 30y Intake level shown to provide the 38 25
greatest protection against coronary
heart disease (14 g/1,000 kcal) x
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) x
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) x
median energy intake level
(kcal/1,000 kcal/d)
>70y Intake level shown to provide the 30 21
greatest protection against coronary
heart disease (14 g/1,000 kcal) x
median energy intake level
(kcal/1,000 kcal/d)

continued
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TABLE S-3 Continued

Al (g/d)
Life Stage Group Criterion Male Female
Pregnancy
14 through 18y Intake level shown to provide the 28

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

Lactation

14 through 18y Intake level shown to provide the 29
greatest protection against coronary
heart disease (14 g/1,000 kcal) x
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) x
median energy intake level
(kcal/1,000 kcal/d)

@ Al = Adequate Intake. Based on 14 g/1,000 kcal of required energy. The Al 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 Al is used if
sufficient scientific evidence is not available to derive an Estimated Average Require-
ment (EAR). For healthy infants receiving human milk, the Al is the mean intake. The
Al is not equivalent to a Recommended Dietary Allowance (RDA).

OND = not determined.

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 Al 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 fally 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 7n-6 polyunsaturated fatty acids and thereby
influence the balance of 76 and »-3 fatty acid-derived eicosanoids. The Al
is based on the median intakes of o-linolenic acid in the United States
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TABLE S-4 Criteria and Dietary Reference Intake Values for
Total Fat by Life Stage Group

AI? (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 3y ND? ND
4 through 8 y ND ND
9 through 13y ND ND
14 through 18 y ND ND
> 18y 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

@ Al = 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 Al is used if sufficient scientific evidence is not available to derive an
Estimated Average Requirement (EAR). For healthy infants receiving human milk, the
Al is the mean intake. The Al is not equivalent to a Recommended Dietary Allowance
(RDA).

OND = not determined.

where the presence of n-3 polyunsaturated fatty acid deficiency is non-
existent. The Al for o-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 Al for o-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).
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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
Al (g/d)*
Life Stage Group Criterion Male Female
0 through 6 mo  Average consumption of total n-6 fatty 4.4 44
acids from human milk
7 through 12 mo Average consumption of total »-6 fatty 4.6 4.6
acids from human milk and
complementary foods
1 through 3y Median intake of linoleic acid from CSFII? 7 7
4 through 8 y Median intake of linoleic acid from CSFII 10 10

9 through 13y 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

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

Pregnancy
14 through 18y 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 18y 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 Al = 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 Al is used if sufficient scientific evidence is not available to derive an
Estimated Average Requirement (EAR). For healthy infants receiving human milk, the
Al is the mean intake. The Al 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 (o-Linolenic Acid) by Life
Stage Group

AI? (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 -3 fatty 0.5 0.5

acids from human milk and
complementary foods

1 through 3y Median intake of o-linolenic acid from 07 0.7
CSFII®
4 through 8 y Median intake of o-linolenic acid from 0.9 09
CSFII
9 through 13y Median intake of o-linolenic acid from 1.2 1.0
CSFII
14 through 18y Median intake of o-linolenic acid from 1.6 1.1
CSFII

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

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

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

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

Pregnancy
14 through 18y Median intake of o-linolenic acid from 1.4
CSFII for all pregnant women
19 through 50 y Median intake of o-linolenic acid from 1.4
CSFII for all pregnant women
Lactation
14 through 18 y Median intake of o-linolenic acid from 1.3
CSFII for all lactating women
19 through 50 y Median intake of o-linolenic acid from 1.3

CSFII for all lactating women

@ Al = 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 Al is used if sufficient scientific evidence is not available to derive an
Estimated Average Requirement (EAR). For healthy infants receiving human milk, the
Al is the mean intake. The Al is not equivalent to a Recommended Dietary Allowance
(RDA).

b CSFII = Continuing Survey of Food Intake by Individuals.
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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 3y Nitrogen equilibrium plus protein deposition
4 through 8y Nitrogen equilibrium plus protein deposition
9 through 13y Nitrogen equilibrium plus protein deposition
14 through 18 y Nitrogen equilibrium plus protein deposition
> 18y Nitrogen equilibrium
Pregnancy
14 through 18 y Nitrogen equilibrium plus protein deposition
19 through 50 y Nitrogen equilibrium plus protein deposition
Lactation
14 through 18y Nitrogen equilibrium plus milk nitrogen
19 through 50 y Nitrogen equilibrium plus milk nitrogen

@ Al = Adequate Intake, RDA = Recommended Dietary Allowance. The Al 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
Al is the mean intake. The Al 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.

VEAR = Estimated Average Requirement. The intake that meets the estimated nutrient
needs of half the individuals in a group.

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 »-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
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Al or RDA for
Reference Individual®
(g/d) EAR? (g/kg/d) RDA (g/kg/d) A
Males Females Males Females Males Females (g/kg/d)¢
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

71¢ 0.88 1.1

71 0.88 1.1

71 1.05 1.3

71 1.05 1.3

¢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 3y 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.

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

Recommended
Indispensable Amino Acid FNB/IOM Pattern?
Histidine 18
Isoleucine 25
Leucine 55
Lysine 51
Methionine + cysteine 25
Phenylalanine + tyrosine 47
Threonine 27
Tryptophan 7
Valine 32

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

ACCEPTABLE MACRONUTRIENT DISTRIBUTION
RANGES FOR HEALTHY DIETS

Dietary Reference Intakes have been set for carbohydrate, 7-6 and -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
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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 o-linolenic acid is set at 0.6 to 1.2 percent of energy.
Ten percent of this range can be consumed as eicosapentaenoic acid

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

16 DIETARY REFERENCE INTAKES

(EPA) and/or docosahexaenoic acid (DHA). The lower boundary of the
range meets the Al for o-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 o-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 o-linolenic acid, it is not possible to
estimate one AMDR for all »-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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Type of Use

Assessment

Planning

BOX S-2
Uses of Dietary Reference Intakes for Healthy Individuals and Groups

For an Individual®

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

EER% 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.

Al 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.

RDA: aim for this intake.

Al 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.

RDA = Recommended Dietary Allowance
EER = Estimated Energy Requirement
EAR = Estimated Average Requirement
Al = Adequate Intake
UL = Tolerable Upper Level

Fora Grou[)”

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.

AI‘ 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.

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.

Al use to plan mean intakes.

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

“Evaluation of true status requires clinical, biochemical, and anthropometric data.

’Requires statistically valid approximation of distribution of usual intakes.

‘For the nutrients in this report, Als are set for infants for all nutrients, and for other age
groups for fiber and 7-6 and 7-3 fatty acids. The Al 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 Al for a nutrient is not based on mean
intakes of healthy populations, this assessment is made with less confidence.

?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 Al

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) alack of multidose, long-term studies to determine the role of
specific macronutrients in reducing the risk of certain chronic diseases,
and (4) alack 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:

* Jong-term, dose-response studies to help identify the requirement
of individual macronutrients that are essential in the diet (e.g., essential
amino acids and 7-6 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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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 Als 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

21
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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 (Al): 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.®

“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.

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 Requirement!

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

The 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

EAR
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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 [Al], 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 Nultrient 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 (SDrequiremem) can be determined, the
EAR can be used to set the RDA as follows:

RDA = EAR + 2 X 8D, . irement:

If data about variability in requirements are insufficient to calculate an
SD,quirement fOr that specific nutrient in that pop.ulation 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 x EAR) = 1.2 x 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 (Al) is provided instead of an
RDA. The Al 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 Al 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 Al
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 Al value than about an RDA
value. Because Als depend on a greater degree of judgment than is applied
in estimating an EAR and subsequently an RDA, an Al may deviate signifi-
cantly from, and may be numerically higher than, an RDA. For this reason,
Als 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 Al 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 Al 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 Al 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 Al exceeds the RDA is likely to differ among
nutrients and population groups. As with RDAs, Als 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 Al 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 flolerable 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 Al).

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 Als, professionals should
avoid very rigid application of ULSs 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 (Als), 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 Al 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 Als 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 (Als), 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 Als 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 Al 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 76 and 7n-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 Al 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 Al, 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 (I0M,
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 Al 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 Al for infants 0
through 6 months to an Al 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 Al 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 Als 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 Als 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 Als 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 Als 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 Al) 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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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 7-3 poly-
unsaturated fatty acids. Otherwise, there are no specific “dietary require-
ments”! 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

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.
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out the metabolic requirements for specific nutrients for which Estimated
Average Requirements (EARs) or Adequate Intakes (Als) 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 shortterm 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 selfreports 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 selfreports, 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 Fvidence

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 (Al), 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
amodel 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 O Through 6 Months

Except for energy, the Al 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 7-6 and 7-3 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 Al 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 Als derived for this age category for carbo-
hydrate, fat, n-6 and 7-3 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 Als 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 Adulls

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
Al 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 Al 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 Al 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 {rans 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 selfreported (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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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).

53
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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; Veiergd 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; Veiergd 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 7-6
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
etal, 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 (JARC, 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 Bottiger, 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 (rans 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 {rans 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 7-6 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 -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 Raaijj 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 (Aratjo-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,
HDL,, 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 HDL,, subclass is increased while the
HDLg, 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 (Nikkila 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 HDL, 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 B-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 7-3 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 (Salmerén 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; Salmerén 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). Itis 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 (Bjorntorp
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
etal., 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;
Rossner 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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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 folerable 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 aduverse 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.

UL:s 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).

e 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.

e Step 2. Dose-response assessment determines the relationship
between nutrient intake (dose) and adverse effect (in terms of incidence
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Hazard Identification
Determination of adverse health effects
caused by high intakes of the nutrient or

food component

A 4

Dose—Response Assessment
« Selection of critical data set
« Identification of NOAEL (or LOAEL)
* Assessment of uncertainty (UF)
« Derivation of Tolerable Upper Intake
Level (UL)

\ 4

Intake Assessment
Evaluation of the range and the
distribution of human intakes of the
nutrient or the food component

v

Risk Characterization
« Estimation of the fraction of the
population, if any, with intakes greater
than the UL
« Evaluation of the magnitude with
which these excess intakes exceed
the UL

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.

e 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.

e 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-
effectlevel (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.' 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-

1Tt 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

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

A MODEL FOR THE DEVELOPMENT OF ULs 93

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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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

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.
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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.? 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

2The terms roule 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).
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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 UL:s 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.

e 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.

e 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.

e 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 LOAEL:s 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:

o 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).

o 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. 1f 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.

o 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 Fvidence of Adverse Lffects

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 ¢rans 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 atrisk 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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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

107
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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
1.8 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 AH) 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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TABLE 5-1 Heat of Combustion of Various Macronutrients

Heat of
Combustion? Atwater Factor?
Macronutrient (kcal/g) kcal?/L O, RQ‘(CO,/0,) (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
combustion®
Protein through 4.70 4.66 0.835 4.0
metabolism?
Alcohol® 7.09 4.86 0.67 —

@ 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).

0 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 ] = 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.

¢RQ = respiratory quotient, which is defined as the ratio of CO, produced divided by O,
consumed (in terms of mols, or in terms of volumes of CO, and O,).

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).

¢ 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.)

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
etal., 1999). The thermic effect of food is the increase in energy expendi-
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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, “T'hermic
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 (O) and obese (®) healthy women, 8 of whom were athletes (@), and 60
lean (A) and obese (A) 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 fatfree
masses (FFM) of 44 lean (O) and obese (®) healthy women, 8 of whom were
athletes (@), and 60 lean (A) and obese (A) 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.

Thermuc 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.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

ENERGY 115

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 x 1.15) for a 70-kg individual and to 58 kcal/mi (50 kcal/mi x
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 x 1.1) in individuals weighing 70 kg,
or 64 kcal/mi (58 kcal/mi X 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 weight"7>. 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

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

118 DIETARY REFERENCE INTAKES

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 (H2180 and 2HQO) 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 2H,O relates to water flux, while that of H,'8O
reflects water flux plus carbon dioxide (CO,) 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 CO, produc-
tion rate, and with knowledge of the composition of the diet, TEE can be
calculated.

To predict TEE from a measurement of CO, production, it is neces-
sary to have an estimate of the average respiratory quotient (RQ = ratio of
CO, produced to the O, consumed) of the subject during the period of
measurement. This is because the energy released per liter of CO, varies
with the RQ and hence with the substrate mix oxidized by the body (Elia,
1991). The ratio of the CO, produced to the O, 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 CO,
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 CO,
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/mg,
overweight as a BMI from 25 up to 30 kg/m?, and obese as a BMI of 30 kg/m?
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 balance? 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

@ 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
COq %
T1/2 (d) Pool® Fractionated? Growth® Error
I 50 L 1.9
10.1 S 25 L 1.8
6.3-9.5 S 50 L 59+ 7.6
2.5-3.6 1 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).

¢ Growth correction: L = no change or linear change in pool sizes, E = exponential
change in pool sizes.

dEnergy balance indicates that induction of positive or negative energy balance was not
part of study protocol.
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25 kg/m?, 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/m? 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/ m? is
considered a reasonable upper limit of healthy weight. The lower BMI
limit of 18.5 kg/m? 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/m? 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/m? for men
and a BMI of 21.5 kg/m? 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/m? (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/m? 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/m?

Weight at BMI of Weight at BMI of Weight at BMI of
Height (m[in]) 18.5 kg/m? (kg [Ib]) 22.5 kg/m2% (kg [Ib]) 25 kg/m?2 (kg [Ib])
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)

@ 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 (R? = 0.77), BMI is a better
predictor of differences in percentage of body fat than in men (R? = 0.55,
Appendix Table H-3), and in women, triceps skinfold data (R? = 0.82,
Appendix Table H-5) provide a better parameter than waist circumference
(R?=0.79, Appendix Table H-4) in complementing the indication of body
fat percentage provided by BMI. In contrast, in men, waist circumference
(R? = 0.61, Appendix Table H-4) provides a better parameter than triceps
skinfold data (R? = 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/m?

Weight at BMI of Weight at BMI of Weight at BMI of
Height (m[in]) 18.5 kg/m? (kg [Ib]) 21.5 kg/m?2% (kg [Ib]) 25 kg/m?2 (kg [Ib])
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 (187) 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 (187) 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)

@ Weights for women at a BMI of 21.5 kg/m?2, 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 Content”

Body Fat (%)?
BMI Range

(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

@ Developed from regression of percent body fat versus BMI (kg/mQ) (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/m? 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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FIGURE 54 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/m? 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 e indicates the mean BMI and
% BF for men and women with BMIs from 18.5 up to 25 kg/m? and the X indi-
cates the mean BMI and % BF values for all men and women estimated in Appen-
dix Table H4.

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 R? value (0.0026) (Appendix Table H-6). Thus
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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/
m? (from Appendix H).
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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 atrisk-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/m? (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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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).

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
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Weight Range 3rd-97th

Median Weight (kg [Ib]) Percentile (kg [1b])
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)

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 x 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
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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).

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-
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Weight Range 3rd-97th

Median Weight (kg [Ib]) Percentile (kg [1b])
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)

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
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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 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 [Ib]) Percentile (kg [1b])
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 [1b])

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 (89.0-73.1)
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 (O,)
consumption rate of adults is approximately 250 mL/min, and that athletes
such as elite marathon runners can sustain O, 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 O, 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
etal.,, 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

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

144 DIETARY REFERENCE INTAKES

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 Bj-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 (Vo,max)
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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 Vo,max 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
etal., 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

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

ENERGY 147

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 b 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
etal., 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/m? (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/m? and higher (Appendix Table 1-7)
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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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/m?“

Mean
Mean Weight Height
Age (y) n (kg [1b]) (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)

@ Summary of data in Appendix Tables I-1 through I-5.
0 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

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-
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Mean Basal Mean Total
Energy Energy
Mean Body Expenditure Expenditure Mean Physical
Mass Index (BEE) (TEE) Activity Level
(kg/m?) (kcal/d)? (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 1,624 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

was predicted based on the following equations (see “TEE Equations for Normal-Weight
Children”):
Boys: BEE (kcal/d) = 68 — 43.3 X age (y) + 712 x height (m) + 19.2 x weight (kg).
Girls: BEE (kcal/d) = 189 — 17.6 X age (y) + 625 x height (m) + 7.9 x weight (kg).

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.
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TABLE 5-11 Doubly Labeled Water Database for Overweight
and Obese Males and Females®

Mean
Mean Weight Height
Age (y) n (kg [1b]) (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)

@ Summary of data in Appendix Tables I-6 and I-7.

0 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”):

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.
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Mean Basal Mean Total
Energy Energy
Mean Body Expenditure Expenditure Mean Physical
Mass Index (BEE) (TEE) Activity Level
(kg/m?2) (kcal/d)? (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

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

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 =
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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).

1.9 < 2.5) (Table 5-12). The mean PAL:s 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 5-7 Total energy expenditure and height in all individuals (excluding
infants and pregnant and lactating women) in the doubly labeled water database
(Appendix I).

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 X age + PA X (D X weight + E X height)
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FIGURE 5-8 Total energy expenditure and weight in all individuals (excluding
infants and pregnant and lactating women in the doubly labeled water database
(Appendix I).

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

Walking Equivalence (mi/d at 3-4 mph)“

Light-Weight = Middle-Weight ~ Heavy-Weight

PAL PAL Individual Individual Individual
Category Range PAL (44 kg) (70 kg) (120 kg)
Sedentary 1.0-1.39 125 ~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

@ In addition to energy spent for the generally unscheduled activities that are part of a
normal daily life.
SOURCE: Chapter 12.

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
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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 Database*

BMI PAL
(kg/mQ) 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

@ From Appendix I.
b Mean + standard deviation.

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 X age [y]) + 712 x height (m) + 19.2 X
weight (kg) [standard error = 88; R2 =0.89]

For girls:

BEE (kcal/d) = 189 — (17.6 x age [y]) + 625 x height (m) + 7.9 X
weight (kg) [standard error = 95; R2=10.75]
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TEE BMI

Measured Measured PAL
(kcal/d)® (kg/m?2)® Measured?
1,567 + 261 22.1 + 1.7 1.23 + 0.11
2,036 + 252 221+ 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 + 381 224+ 1.5 1.51 + 0.05
2,892 + 402 225+ 1.5 1.74 £ 0.08
3,338 + 419 22.4 + 1.6 2.06 + 0.01
2,784 + 561 225+ 1.5 1.70 + 0.25
1,788 + 873 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

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.
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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 Category®

Age (y) Body Mass Index Males Females
3-18 2 3rd < 85th percentile 58 68
3-18 > 85th percentile 69 75
3-18 > 3rd percentile 67 70

=19 > 18.5 < 25 kg/m? 199 162

>19 > 25 kg/m? 208 160

>19 >18.5 kg/m? 202 160

@ Observed variance = biological variance + experimental variance, for the square root
of biological variance = biological standard deviation, assuming biological variance =
experimental variance.

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 O 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-
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bolic rate (BMR) in relation to body and organ weight, and noted that
oxygen (O,) 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 O, consumption during the transition to extrauterine life.
After birth, the O, 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 O,/kg/min at 0 to 6 hours postpartum to 7.0 ml O,/
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
etal., 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 fatfree 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) (@/d)  (g/d)*  (keal/g) (g/d)?  (keal/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

@ Body composition (Butte et al., 2000a).
bIncrements 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]) X weight of the child (kg)
— 100 (+ 56 [standard error])

EER Summary, Ages O 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 x weight [kg] — 100) + 175 kcal
4-6 months (89 x weight [kg] — 100) + 56 kcal
7-12 months (89 X weight [kg] — 100) + 22 kcal
13-36 months (89 x 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 Expenditure? Deposition® EER (kcal/d)

Age (mo) (kg [1b])“ (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

@ From Table 5-6.
b Estimated from TEE = 89 x weight (kg) — 100 derived from DLW data (Appendix I).
¢ 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 Expendltureb Deposition® EER (kcal/d)

Age (mo) (kg [1b])¢ (TEE) (kcal/d) (ED) (kcal/d) (TEE + ED)
1 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

@ From Table 5-6.
b Estimated from TEE = 89 x weight (kg) — 100 derived from DLW data (Appendix I).
¢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 M:ilk

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)?
Anderson et al.,,  Canada 10 women 3-5d Not reported
1981 8-11d
15-18 d
26-29 d
Anderson et al.,  United 9 women 3d Not reported
1983 States 7d
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 + 1438.40 kcal/d

21 F, 19 M 12 mo 303.54 + 172.08 kcal/d

@ Mean + SD, unless otherwise noted.
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Energy Content of
Milk#

Maternal Intake?

Comments

50 kcal/dL
60 kcal/dL
60 kcal/dL
60 kcal/dL

51 + 9 kcal/dL
63 + 9 kcal/dL
67 + 10 kcal/dL

66 + 12 kcal/dL

0.68 + 0.08 kcal/g
0.64 + 0.08 kcal/g
0.62 + 0.09 kcal/g
0.64 + 0.10 kcal/g

65 kcal/dL

78.1 + 12.5 kcal/dL
75.3 + 7.7 kcal/dL
79.2 + 9.3 kcal/dL
82.9 + 12.2 kcal/dL

66.5 kcal/dL + 7.74
(range 51.9-81.2
kcal/dL)

69.7 + 6.7 kcal/dL
70.7 + 9.2 kcal/dL
70.9 + 7.4 kcal/dL
70.6 + 11.0 kcal/dL

66.9 kcal/dL
69.3 kcal/dL
71.7 kcal/dL
71.7 kcal/dL

Not reported

Not reported

Not reported

2,334 + 536 kcal/d
2,125 + 582 kcal/d
2,170 + 629 kcal/d
2,092 + 498 kcal/d

Not reported
2,315 + 658 kcal/d
2,439 = 806 kcal/d

2,384 + 845 kcal/d
2,337 + 724 kcal/d

2,531 + 442 kcal/d

2,340 kcal/d
(range: 1,477-
3,201 kcal/d)

Not reported

Full-term infants

Milk energy content was
approximated from
study figure

Full-term pregnancies

Navajo women

Healthy term infants,
exclusively breast-fed

Breast-feeding mothers

Full-term pregnancies,
healthy nonsmokers,
exclusively breast-
feeding

Energy content measured
by bomb calorimetry

Exclusively breast-
feeding
Full-term pregnancies

Healthy, exclusively
breast-feeding mothers

Healthy, full-term,
exclusively breast-fed
No additional solid foods
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 x age [y]) + PA x (26.7 x weight [kg] + 903
x 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)* (g/d)“ (kcal/g)b (kcal/d)?
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

@ 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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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 [1b])¢ (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

@ From Table 5-8.
b Based on equations given in Appendix Table I-8. PAL = physical activity level.
¢EER = TEE + 20 kcal/d — estimate of energy deposition during childhood.

EER for Girls 3 Through 8 Years
EER = TEE + energy deposition
EER =135.3 — (30.8 x age [y]) + PA x (10.0 x weight [kg] + 934
x 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)
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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

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.
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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 [1b]) ¢ (m [in]) PALY 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

@From Table 5-9.
b Based on equations given in Appendix Table I-8. PAL = physical activity level.
¢EER = TEE + 20 kcal/d — estimate of energy deposition during childhood.

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),
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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

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,
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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 X age [y]) + PA X (26.7 x weight [kg] + 903
x height [m]) + 25 kcal

Where PA is the physical activity coefficient:
PA =1.00 if PAL is estimated to be 2 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 2 1.9 < 2.5 (very active)

EER for Girls 9 Through 18 Years
EER = TEE + energy deposition
EER =135.3 — (30.8 x age [y]) + PA x (10.0 x weight [kg] + 934
x height [m]) + 25 kcal

Where PA is the physical activity coefficient:
PA =1.00 if PAL is estimated to be 2 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 2 1.9 < 2.5 (very active)
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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/m?) 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/m? (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/m? are shown in Table 5-22.
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EER for Men Ages 19 Years and Older
EER = 662 — (9.53 x age [y]) + PA x (15.91 X weight [kg]
+ 539.6 x height [m])

Where PA is the physical activity coefficient:
PA =1.00 if PAL is estimated to be =2 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 2 1.9 < 2.5 (very active)

EER for Women Ages 19 Years and Older
EER = 354 — (6.91 x age [y]) + PA x (9.36 x weight [kg]
+ 726 x height [m])

Where PA is the physical activity coefficient:
PA =1.00 if PAL is estimated to be 2 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 2 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 O,/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 Age*

Height
(m [in])

PAL?

Weight for BMI
of 18.5 kg/m?
(kg [1b])

Weight for BMI
of 24.99 kg/m?
(kg [1b])

1.45 (57)

1.50 (59)

1.55 (61)

1.60 (63)

1.65 (65)

1.70 (67)

1.75 (69)

1.80 (71)

1.85 (73)

Sedentary
Low active
Active

Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

Sedentary
Low active
Active
Very active

38.9 (86)

41.6 (92)

44.4 (98)

47.4 (104)

50.4 (111)

53.5 (118)

56.7 (125)

59.9 (182)

63.3 (139)

52.5 (116)

56.2 (124)

60.0 (132)

64.0 (141)

68.0 (150)

72.2 (159)

76.5 (168)

81.0 (178)

85.5 (188)
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EER, Men (kcal/d)¢ EER, Women (kcal/d)¢
BMI of BMI of BMI of BMI of
18.5 kg/m? 24.99 kg/m? 18.5 kg/m? 24.99 kg/m?
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
2,229 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

continued

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

188 DIETARY REFERENCE INTAKES

TABLE 5-22 Continued

Weight for BMI Weight for BMI

Height of 18.5 kg/m? of 24.99 kg/m?
(m [in]) PAL® (kg [1b]) (kg [1b])
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

aFor 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.

0 PAL = physical activity level.

¢EER for men calculated as: EER = 662 — (9.53 x age [y]) + PA x (15.91 x weight [kg] +
539.6 x height [m]), where PA is the physical activity coefficient of 1.00 for sedentary

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.
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EER, Men (kcal/d)¢ EER, Women (kcal/d)¢
BMI of BMI of BMI of BMI of
18.5 kg/m? 24.99 kg/m? 18.5 kg/m? 24.99 kg/m?
2,464 2,887 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 (21.0<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 x age [y]) + PA x (9.36 x weight [kg]
+ 726 x 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.

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
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TABLE 5-23 Cumulative Changes in Basal Energy Expenditure
(BEE) Throughout Pregnancy

Pregravid
Weight
Reference n (kg [1b]) 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

@The Douglas bag technique of indirect calorimetry was used to estimate BEE.

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
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Cumulative Cumulative Method Used
Increase in Increase in to Estimate
BEE (kcal) BEE (kcal/d) BEE
30,114 108 Indirect calorimetry?®
34,416 133 Indirect calorimetry?®
50,300 180 DLW
29,636 106 DLW
36,089 147 DLW

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/m?) 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
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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) Deposition?® (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

@ Based on 5.6 kcal/g for protein gained and 9.5 kcal/g for fat gained.
SOURCE: Adapted from Hytten (1991b).

TABLE 5-25 Estimated Energy Deposition During Pregnancy

Prepregnancy Recommended Estimated
Body Mass Gestational Actual Fat Energy
Index (BMI) Weight Gain“ GWG Gain Depositionb
(kg/m?) (GWG) (kg [Ib]) (kg [Ib])  (kg) (keal)
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)¢ 6.9+4.4 -0.614.6 -324
(15+9.7)

@ 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.

¢ Lederman et al. (1997), used 7-9.2 kg (15-20 1b).

SOURCE: Adapted from Lederman et al. (1997).

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/m? (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
EERPregmmt = adolescent EERnonpregnant + additional
energy expended during pregnancy + energy deposition
1st trimester = adolescent EER + 0 + 0
2nd trimester = adolescent EER + 160 kcal (8 kcal/wk X 20 wk)
+ 180 kcal
3rd trimester = adolescent EER + 272 kcal (8 kcal/wk X 24 wk)

+ 180 kcal
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TABLE 5-26 Energy Deposition During Pregnancy

Observed Body
Gestation Gestational Weight Composition
Reference n Interval (wk) Gain (kg [1b]) Method?
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

@ TBW = total body water, TBK = total body potassium, UWW = underwater weighing,
BMC = bone mineral content, MRI = magnetic resonance imaging.

19-50 years
EER,, conant = EER o eonane + additional energy expended
during pregnancy + energy deposition
1st trimester = adult EER + 0 + 0
2nd trimester = adult EER + 160 kcal (8 kcal/wk X 20 wk)
+ 180 kcal
3rd trimester = adult EER + 272 kcal (8 kcal/wk X 34 wk)

+ 180 kcal
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Theoretical ~Measured  Energy Energy Energy
Protein Fat Gain Deposition ~ Deposition® Deposition
Gain® (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

0 From Hytten (1991b) (see Table 5-24).
¢Based on 5.65 kcak/g of protein gained and 9.25 kcal/g of fat gained.

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
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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

@ Physical activity level = total energy expenditure/basal energy expenditure.

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 etal., 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
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Total Activity
Energy Physical Energy
Expenditure Activity Expenditure
(kcal/d) Level? (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

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 Raaijj 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
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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 9¢ 3-6 2,413 37.2 1,376
Kopp-Hoolihan 10 1 2,146 — 1,328
et al., 1999
Butte et al., 2001/ 24 3 2,391 38.1 1,331

@ Unless otherwise noted AEE includes TEF.
b Estimated to be 0.67 kcal/g (Butte et al., 1984a, 1984b; Neville, 1995).
¢ Observed change in body composition during lactation.

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 ?H 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 —
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Activity Milk
Energy Physical Energy Energy Energy
Expenditure?® Activity Outputb Mobilization® 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 TEE \ + energy of milk output — energy mobilized
from tissues.

¢ All subjects breast-fed, except one.

JTEF only for Butte et al. (2001). TEF was 239.

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.,
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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 80 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 ?H and %O
dilution (Goldberg etal., 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 M]/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 M]J/d) (Lovelady et al.,
1993). Data from other lactating American women (Butte etal., 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/m? 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
EER,, .¢0n = adolescent EERPrepregnmlcy + milk energy output

— weight loss
Ist 6 mo  adolescent EER + 500 — 170
2nd 6 mo adolescent EER + 400 - 0
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19-50 Years
EER,, .i0n = adult EERPrepregnancy + milk energy output

— weight loss
Ist6 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/m? 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 x age [y]) + PA x (13.7 x weight [kg]
+ 416 X 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 X age [y]) + PA x (11.4 x weight [kg]
+ 619 X 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 Adulls

TEE predictive equations were also developed combining normal-
weight, overweight, and obese adults (BMI 18.5 kg/m? 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/m? 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/m?% P > 0.99) or normal plus
overweight and obese individuals shown below (BMI from 18.5 kg/m? 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 X age [y]) + PA x (14.2 x weight [kg]
+ 503 x 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 X age [y]) + PA x (10.9 x weight [kg]
+ 660.7 x 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/m? 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/m?) 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 x age [y]) + 450.5 X height (m)
+ 11.69 x weight (kg)
residual = 0 = 149, R? = 0.46.

For normal-weight, overweight, and obese men:
BEE (kcal/d) =293 — (3.8 x age [y]) + 456.4 x height (m)
+10.12 x weight (kg)
residual = 0 = 156, R2 = 0.64.

For normal-weight women:
BEE (kcal/d) = 255 — 2.35 X age (y) + 361.6 X height (m)
+9.39 x weight (kg)
residual = £ 125, R% = (0.39.

For normal-weight, overweight, and obese women:
BEE (kcal/d) =247 — (2.67 x age [y]) + 401.5 X height (m)
+ 8.60 x weight (kg)
residual = + 156, R? = 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/m? 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 Men“

Weight (kg [1b]) for a Body Mass Index (kg/mQ) of:

Height
(m [in]) PAL? 18.5 22.5 2499 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 1225
(69) Sedentary (125) (152) (168) (168) (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

1,192 1,290 1,351 1,373 1,479 1,685 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 3,984 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

continued
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TABLE 5-29 Continued

Weight (kg [1b]) for a Body Mass Index (kg/mQ) of:

Height
(m [in]) PAL? 18.5 22.5 2499 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) (33bH)
Low active
Active

Very active

@ 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).

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/m?, 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/m?
and BMI of 25 kg/m? 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.
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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

1,596 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

0 PAL = physical activity level, BEE = basal energy expenditure.

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 Ib/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
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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 Women*

Weight (kg [1b]) for a Body Mass Index (kg/mQ) of:

Height
(m [in]) PAL? 18.5 22.5 2499 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 1225
(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/mQ)of:

18.5 22.5 2499 25 30 35 40

1,074 1,133 1,202 1,201 1,291 1,382 1,472
1,664 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 2486 2,645
2,185 2,276 2,383 2,396 2,573 2,750 2,927
2,474 2578 2,699 2,712 2914 3,116 3,318

1,254 1,331 1,420 1,415 1,632 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 2594 2763
2,267 2,364 2477 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 2,067 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 2917 2938 3,166 3,395 3,623

1,350 1,436 1,636 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 2627 2,817 3,007
2,434 2,543 2,670 2,695 2,907 3,119 3,331
2,758 2,883 3,028 3,004 3,296 3,538 3,780

continued
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TABLE 5-30 Continued

Weight (kg [1b]) for a Body Mass Index (kg/mQ) of:

Height
(m [in]) PAL? 18.5 22.5 2499 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

@ 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).

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).
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TEE (kcal/d) for a Body Mass Index (kg/mQ)of:

18.5 22.5 2499 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 2509 2,695 2,882
2,315 2,422 2,548 2,624 2,836 3,049 3,262
2,605 2,727 2,869 2904 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 2944 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

0 PAL = Physical activity level, BEE = basal energy expenditure.

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.
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Overfeeding Underfeeding
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FIGURE 5-9 Relationship between changes in fatfree mass and resting energy
expenditure during overfeeding and underfeeding. Reprinted, with permission,
from Saltzman and Roberts (1995). Copyright 1995 by International Life Sciences
Institute.

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 Ib/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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TABLE 5-31 Changes (A) in Total Energy Expenditure (TEE)
During Underfeeding Studies®

ATEE  ABE? AEI¢

Reference (kcal/d) (kcal/d) (kcal/d) ATEE/AEI CoorATEE/AEIY
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

@ Where all values are in kcal/d, A describes changes in value between weight mainte-
nance and underfeeding.

0 BE = body energy.

¢EI = energy intake (calculated as ABE + ATEE).

d CorrATEE 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 x 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.

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 Ib/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.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

216 DIETARY REFERENCE INTAKES

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/m? (for overweight) or 30 kg/m? (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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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.
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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 Ib/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 1-6) 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 X height (m)
+ 16.7 weight (kg)
SE = 89.9, R? = 0.88.

For overweight and obese girls:
BEE (kcal/d) =516 — (26.8 x age [y]) + 347 height (m)
+ 12.4 weight (kg)
SE = 113.4, R?=0.79.

For normal-weight, overweight, and obese boys:
BEE (kcal/d) =79 — (34.2 x age [y]) + 730 x height (m)
+ 15.3 weight (kg)
SE = 90.6, R = 0.89.

For normal-weight, overweight, and obese girls:
BEE (kcal/d) = 322 - (26.0 x age [y]) + 504 X height (m)
+ 11.6 weight (kg)
SE = 102.1, R% = 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
Jfor 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 X age [y]) + PA x (19.5 x weight [kg]
+1161.4 X height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be 2 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 X age [y]) + PA x (15.0 x weight [kg]
+701.6 x 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 Ib/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.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

220 DIETARY REFERENCE INTAKES

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
Ty, 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/mg), 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. Itis 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 Gain Fat Deposition®
EE? =80 EE = 90 EE = 80 EE = 90
Rate of Gain? Energy* Energy* Energy* Energy*’
(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

@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.

017 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 X 5.65 kcal/g/0.42 =
2.3 kcal; 0.09 g fat x 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.

¢ 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 X 5.65 kcal/g/
0.42 = 1.3 kcal; 0.43 g fat X 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.

dEE = 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.

¢ 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/m?. 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/m? 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/m? 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/m?
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/m?) and overweight
individuals (BMI from 25 up to 30 kg/ m?2). 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/m?) 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 b 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 10y
Nicolaysen, 1972

Medalie et al., 1974 Israel 10,059 men, 40+ y 5y
Ohlson et al., 1985 Sweden 792 men, 54y 135y
Despres et al., 1989 Canada 52 premenopausal Not

obese women applicable
Lundgren et al., 1989 Sweden 1,462 women, 38-60 y 12y
Colditz et al., 1990 United States 113,861 women, 8y

30-55y
Haffner et al., 1991 United States 254 men and 8y

366 women
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Obesity Index

Outcome®

Weight-height relationship
Normal + 10%

10-15% overweight
15-25% overweight
25-35% overweight
35-45% overweight

> 45% overweight

Weight/height index (kg/cm)
0.24-0.39
0.40-0.45
0.46-0.69

Incidence of diabetes (%)
0.6
1.8
2.5
3.7
7.1
12.6

Incidence rate of diabetes
26,/1,000
39/1,000
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/mQ) 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 (8.7-7.5)
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, 40-75y 5y
Ford et al., 1997 United States 8,545 adults 10y

@ RR = relative risk, CI = confidence interval, OR = odds ratio, CVD = cardiovascular
disease.
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Obesity Index Outcome?®
BMI (kg/m?2) 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)
<b 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 25-64y 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 5y
Rexrode et al., United States 116,759 women, 30-55 y 16y

1997

@ RR = relative risk, OR = odds ratio.
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Obesity Index

Outcome®

Ponderal Index
(height/weight!/3)

BMI

BMI

BMI in men (kg/m2)
19.5-25.4

25.5-30.4

> 30.5

BMI in women (kg/mQ)
18.5-24.4

24.5-30.4

> 30.5

BMI (kg/m?)
<25

25 to <27

27 to <30

> 30

BMI (kg/m?)
<23
93.1-24.4
24.5-25.8
25.9-27.6
>97.7

BMI (kg/m?)
<21

21 to <23

23 to <25

25 to <27

27 to <29

29 to <32
>392

Ponderal index was significantly associated with
blood pressure only in hypertensive, male
nonsmokers

Significant correlation between BMI and
hypertension in men (p < 0.05) and women
(p<0.01)

BMI was significantly associated with diastolic
and systolic blood pressure in both men and
women

RR for hypertension (95% CI)
1.00

1.72 (1.44-2.05)

9.47 (1.83-3.34)

RR for hypertension (95% CI)
1.00

9.09 (1.72-2.55)

92.96 (2.14-4.10)

OR for high blood pressure

Men Women
1.0 1.0
2.4 1.7
3.1 2.3
8.7 9.7

RR for stroke (95% CI)
1.00

0.61 (0.32-1.16)

1.00 (0.57-1.75)

1.16 (0.67-2.02)

1.95 (0.72-2.19)

RR for ischemic stroke (95% CI)
1.00

1.01 (0.70-1.45)

1.20 (0.83-1.71)

1.15 (0.78-1.70)

1.75 (1.17-2.59)

1.90 (1.28-2.82)

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.
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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 26y
women, 28-62 y
Willett et al., 1995 United States 115,818 women, 30-55y 14y
Rexrode et al., 2001 United States 16,164 men, 40-84 y 9y

@ 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 Outcome?
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)
<b 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)

220 kg 2.65 (2.17-3.22)

BMI (kg/mQ) RR for coronary heart disease (95% CI)
<228 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 22y
Stampfer et al., 1992 United States 90,302 women, 34-59 y 8y
Sahi et al., 1998 United States 16,785 men, 15-24 y 61y

@ RR = relative risk, CI = confidence interval.
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Obesity Index Outcome?®
BMI (kg/mQ) 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/m?) 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/mQ) 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/mQ) Rate ratio for gallbladder disease
<0.9 1.00
1.0-2.9 1.01
3.0-5.9 1.74
26.0 2.16

NOTE: BMI = kg/ m?2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.
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TABLE 5-37 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 ~ 36y
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 23y
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

@ OR = odds ratio.
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Obesity Index Outcome?
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/mQ) 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

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 5-38 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 ~3y
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, 40-75y 6y
1995
Giovannucci et al., United States 13,057 women, 40-65 y 6y
1996
Huang et al., 1997  United States 95,256 women, 30-55y 16y

@ RR = relative risk, CI = confidence interval.
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Obesity Index

Outcome?

BMI (kg/m?2)
<21

21-24

25-27

> 928

BMI (kg/m?2)
<21

21-25

> 26

BMI (kg/m?2)
< 20.0
20.0-21.99
22.0-24.89
24.9-27.29
27.3-32.29
>32.3

BMI (kg/m?)
< 22

29-94.9
25-26.9
27-28.9

> 929

BMI (kg/m?2)
<21

21-22

23-24

25-28

> 929

Weight gain from age 18

<2.0 kg
2.1-5.0 kg
5.1-10.0 kg
10.1-20.0 kg
20.1-25.0 kg
> 95.0 kg

RR for breast cancer in postmenopausal women

(95% CI)
1.0
1.5 (1.1-1.9)
1.6 (1.2-2.1)
1.3 (1.0-1.8)
RR for breast cancer (95% CI)
Premenopausal Postmenopausal
1.0 1.0
0.9 (0.7-1.3) 0.8 (0.5-1.1)
0.8 (0.5-1.2) 1.2 (0.8-1.7)

RR for breast cancer in menopausal
women (95% CI)

1.0

1.1 (0.7-1.5)

1.5 (1.0-2.2)

2.2 (1.4-3.5)

1.8 (1.1-2.8)

2.7 (1.5-5.4)

RR for colon cancer (95% CI)
1.0

0.87 (0.54-1.39)

1.31 (0.85-2.02)

1.48 (0.89-2.56)

1.48 (0.89-2.46)

RR for distal colon adenomas (95% CI)
1.00

0.82 (0.59-1.15
1.18 (0.85-1.63
1.03 (0.72-1.47
1.50 (1.02-2.21

NN AN

RR for breast cancer in postmenopausal women
(95% CI)

1.00

1.20 (0.96-1.51)

1.18 (0.96-1.45)

1.20 (0.98-1.47)

1.40 (1.10-1.78)

1.41 (1.12-1.78)

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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* 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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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 o-linked
glucose units. Amylose is the linear form of starch that consists of
0-(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)“ 6 12 18

@1 tsp added sugars = 4 g added sugars.
SOURCE: USDA (1996).
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0-(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 (RSg). 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
etal., 1989; Indar-Brown et al., 1992; Jarvi 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 0-(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
(o-limit dextrins) that contain approximately eight glucose units of one or
more 0-(1,6) linkages. The o-(1,6) linkages are cleaved more easily than
the a-(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.
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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 (Diez-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 o-(1-4) and o-(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 B-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 central 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 x 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., NO, 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 '8F-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 O, consumption in association with the
brain respiratory quotient also has been used as an indirect estimate of
glucose utilization (Kalhan and Kili¢, 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 O Through 12 Months
Methods Considered to Set the Al

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 Kili¢, 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 Kili¢, 1999).

The lactose content of human milk is approximately 74 g/L and
changes little over the total nursing period (Dewey and Lonnerdal, 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 3-5d 51.4 + 2.2
et al., 1981 8-11d 59.8 + 2.3
26-29 d 65.1 £2.3
Anderson 3d 62 +9
et al., 1983 7d 67 +5
14 d 67 + 6
Dewey and 1 mo 70.5 £ 5.6
Loénnerdal, 2 mo 72.1 £6.2
1983 3 mo 71379
4 mo 76.1 £ 4.0
5 mo 76.2 + 3.3
6 mo 775 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., 33-210d 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 744+ 15
etal., 1991 6 mo 744 +1.9
9 mo 73.5 +2.9
12 mo 74.0 + 2.7

continued
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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., 4d 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

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
x 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 O Through 12 Months

The Al is based on the average intake of carbohydrate consumed from
human milk and complementary foods.

Al 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.
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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 pmol/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 thatin 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 B-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 O, 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
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TABLE 6-5 Indirect Estimates of Glucose Utilization by
Measuring Brain Oxygen (Oy) Consumption

(O 0,

Study Consumption Consumption

Reference Population (mL/100 g/min) (L/100 g/d)
Kennedy and 2 children, 6.2 8.93
Sokoloff, 1957 3y 5.6 8.06
Kennedy and 5 children, 5.3 7.63
Sokoloff, 1957 4-T7y 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 11y 4.9 7.06
Kennedy and 12 adults 4.18 6.02

Sokoloff, 1957

“For males, based on Dekaban and Sadowsy (1978) and Dobbing and Sands (1973).
bOq = 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 pmol/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
etal., 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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Estimated O, Glucose
Brain Consumption Consumption
Weight (g)® (L/d) (g/d)?
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

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
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TABLE 6-6 Direct Estimates of Glucose Utilization by
Measuring Brain Glucose Consumption

Glucose Glucose
Consumption  Estimated Consumption
Study (pmol/100 g  Brain
Reference Population of brain/min) Weight (g)¢ (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-14y
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

@ Based on Dekaban and Sadowsy (1978) and Dobbing and Sands (1973).

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.
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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 etal., 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 O,/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 pmol/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 x 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 O, 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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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
etal., 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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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.
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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).
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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 1.05¢
sucrose-free 1.044

Mann and 9 men, 2-wk

Truswell, crossover
1972 23% sucrose 1.10¢
23% starch 1.11¢

Mann et al., 9 men, 2-wk

1973 crossover
17% sucrose 1.664
34% sucrose 1.840
34% sucrose + 1.50¢

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 0.87%
65% sucrose 1.31%
45% glucose 0.80¢
65% glucose 1.330
Reiser et al., 19 men and women, Men Women
1979a 6-wk crossover Baseline 6 wk Baseline 6 wk
30% starch 1.284 1.424 1.06% 0.98¢
30% sucrose 1.54¢ 1.86%  1.06% 1.230
Hallfrisch 12 men, 5-wk crossover
et al., 1983 0% fructose, 15% starch 0.97¢
7.5% fructose, 7.5% starch 1.07¢
15% fructose, 0% starch 1.04¢
Bossetti et al., 8 men and women, 140-d
1984 crossover Baseline 14 d
11-16% sucrose 0.60¢ 0.63¢
11-16% fructose 0.80¢ 0.56%
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Low Density Lipoprotein High Density Lipoprotein
Cholesterol Concentration Cholesterol Concentration
(mmol/L) (mmol/L)
3.52¢ 1.014
3.76? 1.05¢
3.70% 1.07¢
Baseline 14d Baseline 14 d
2.38¢ 2.35% 1.424 1.374
2.59¢ 2.48% 1.42¢ 1.40¢ .
continued
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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

Albrink and
Ullrich, 1986

Yudkin et al.,

24% fructose

6 men per group, 11 d
0% sucrose

18% sucrose

36% sucrose

52% sucrose

14 men, 14-d crossover

Significant increase when fed 36% or
52% sucrose and a diet containing

less than 14 g of fiber

1986 18% sucrose 1.024
37% sucrose 1.11¢
19% sucrose 1.09¢
26 men, 14-d crossover
23% sucrose 1.33¢
9% sucrose 1.05%
24% sucrose 1.234
Reiser et al., 11 men, 5-wk crossover
1989 20% fructose 0.84¢
20% starch 0.70°
Swanson et al., 14 men and women, 4-wk
1992 crossover Baseline 4 wk
19% fructose, 25% starch 1.16¢ 0.96%
< 3% fructose, 39% starch 1.02¢ 0.94%
Surwit et al., 42 women, 6-wk
1997 intervention
4% sucrose 1.05%
43% sucrose 1.08¢
Marckmann 20 women, 2-wk crossover
et al., 2000 2.5% sucrose, 59% 0.81¢
carbohydrate
23.2% sucrose, 59% 0.96°
carbohydrate
Saris et al., 390 adults, 6-mo parallel
2000 18.8% sugar, 52% 1.29¢
carbohydrate
29.5% sugar, 56% 1.464
carbohydrate

a.b Different lettered superscripts within each study indicate that values were signifi-
cantly different.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

DIETARY CARBOHYDRATES: SUGARS AND STARCHES 301

Low Density Lipoprotein
Cholesterol Concentration
(mmol/L)

High Density Lipoprotein
Cholesterol Concentration
(mmol/L)

Significant decline observed for
0% and 18% sucrose diets

3.06¢
2.730

Baseline 4 wk
2.62% 2.734
2.65¢ 2.460

2.38¢
2.60°

2.43%

2,720

3.68%

3.61%

Significant reduction in high
density lipoprotein
concentration with fructose

Significantly lower for 18%,
36%, and 52% sucrose diets

1.27¢
1.07°
1.42¢

1.30¢
1.274
1.264

1.164
1.11¢

Baseline 4 wk

1.28¢ 1.30¢
1.324 1.22¢

1.034
1.06%

1.344

1.384

1.204

1.154
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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 A, , 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 HbA,
1988a and women, 2 wk Fructosamine
Brand et al., 16 type II men -14 HbA,
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 (%)  Lipids® (%) Comments”
=764 -15%4 TC -32%°* urinary C-peptide excretion
-13%¢ LDL-C -10%%* 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

-19¢4 -14%4 TC Reduced postprandial glucose response to
standard test meal with low GI diet

-18.1%4 -5.8%4 TAG -8.9%¢% plasma phospholipids

-6.1%%? daily insulin needs

-6.6%4 -5.8%4 TC -30% % fasting blood glucose

-6.651

-11¢¢ Not significant -11%%* plasma glucose response to

standard meal

-12.1%¢ -21.1% TAG -11%°* fasting blood glucose
-13.3%%* mean daily blood glucose

—-3.4¢¢ -74¢TC -30%%* urinary C-peptide excretion
-29%“* 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

—86¢ -6.8%¢ TC —-22.4%%* TAG for the 5 subjects with TAG
> 2.2 mmol/L

continued
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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
Jarvi et al.,, 20 type II men -26 HbA,
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

“TC = total cholesterol, LDL-C = low density lipoprotein cholesterol, TAG = triacylglycerols,
HDL-C = high density lipoprotein cholesterol.
»PAI-1 = plasminogen activator inhibitor-1.

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
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Change in
Glycated Change in Blood
Proteins (%)  Lipids® (%) Comments”
-15.844 -11.3%¢ TC -21.3%¢“ fasting blood glucose

-26.3%1 TAG

-5.954 -5.24¢TC -31%%* 9-h blood glucose profile
-2.5¢¢ -8.3%¢ LDL-C -53%%¢ PAI-1 activity
Not significant +5.7% 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
-8.8¢ TC Changes in weight loss and fat intake did
-9.1¢¢ LDL-C not explain the lipid effects
-19.3%¢ TAG

¢ Significant effect (p < 0.05).
4 Treatment difference (across treatment).
¢ Endpoint difference (between treatment).

cereal fiber intake (Salmeroén et al., 1997b). In contrast, the lowa 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
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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 (HbA;.) in Diabetes

References Study Design GI
Diabetes
Salmeron et al., 42,759 healthy, male Quintile mean
1997a health professionals 65
Cohort, 6-y follow-up 70
73
75
79
Salmeron 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 < b8
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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Main Effect? Comments®
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)
1.87
RR of diabetes GI and GL were not associated with risk
1.00 of diabetes
1.19
1.26
0.96
0.89
HbA . (%) Using bivariate model, serum HDL-C
6.06 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 Salmerén et al.
(1997b) that includes 3,300 new cases of
type 2 diabetes
Negative
relationship
between GI
and HDL-C
(p < 0.0001)

continued

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

310 DIETARY REFERENCE INTAKES

TABLE 6-9 Continued

References

Study Design

GI

Liu et al.,
2000

van Dam et al.,

75,521 female nurses
Cohort, 10-y follow-up

646 elderly Dutch men

GI quintile mean
by GL score
72
75
77
78
80

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

@ RR = relative risk, OR = odds ratio.

b GL = glycemic load, TAG = triacylglycerol, BMI = body mass index.

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
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Main Effect® Comments’

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

etal., 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
etal., 1997). There were no significant differences between groups in total
body weight lost during the intervention. On the other hand, a study using
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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 (7The
Lancet).

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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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
selfreported 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; Salmeroén et
al., 1997a, 1997b).
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TABLE 6-10 Sugar and Energy Intake

Reference

Design and Study

Sugar Intake
(% of Energy)

Total sugar
Gibson, 1993

Nicklas et al.,
1996

Farris et al.,
1998

Added sugar
Lewis et al.,
1992

Gibson, 1996a

Gibson, 1997

Bowman, 1999

2,705 boys and girls

Department of Health
Survey of British
School Children

568 boys and girls, 10 y
Bogalusa Heart Study

568 boys and girls, 10 y
Bogalusa Heart Study

Nationwide Food
Consumption Survey

(1977-1978)

1,087 men and 1,110
women

Dietary and Nutritional
Survey of British Adults

1,675 boys and girls,
1.5-4.5y

U.K. National Diet and
Nutrition Survey of
Children

Continuing Survey
of Food Intakes by
Individuals
(1994-1996)

<20.7
20.7-25.2
> 25.2

18.0
22.0
26.4
31.2

16.1
23.5
28.2
35.6

< 10
10-13
14-16
17-20
> 20

<12
12-16
16-20
20-25
> 25

<10
10-18
> 18

@b,¢ Different lettered superscripts within each study indicate that values were signifi-

cantly different.
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Energy Intake (kcal)

Boys Girls

10-11y 14-15y 10-11y 14-15y
1,954¢ 2,401 1,753%  1,819¢
2,095 25960 1,8380  1,961%
2,066 25490 1,871%  1,9014%

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
2,219¢  1,438¢
2,430%  1,681°
2,4550¢ 17380
2,5490.¢  1,773%
2,596¢ 1,774%

1,129¢ 11,0974
1,16840  1,102¢
1,1874b0  1,189¢4
1,188%b 1,115
1,217° 1,116

1,860%
2,040°
2,049?
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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, 18-71y
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

10-11y 14-15y 10-11y 14-15y
18.6% 20.24 18.2¢ 21.2¢4
17.9%0 20.0%0 18.1¢ 20.2°
17.5° 19.20 17.9¢ 19.8°
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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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

@b,¢.d Different lettered superscripts within each study indicate that values were signifi-
cantly different.

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
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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
25.94 26.04
25.540 24.9%0
24.80¢ 24.25
24.404 24.10
24.104 23.8%

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

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
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1604

140

— Mean = 129

120+

100

or Preload (consumption of low-Gl test = 100)

Voluntary Energy Intake After Consumption of Test Meal (kcal)

80

Low Gl High Gl
Test Meal/Preload

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. A from
Spitzer and Rodin (1987), A from Rodin (1991), ® from Guss et al. (1994), ® from
Holt and Brand Miller (1995), O 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 A, , 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.
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In summary, a UL based on Gl 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

e 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.

e There is a need for research to determine if the energy density
approach to weight reduction is effective in the long-term.
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® 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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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 precipitation? 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

@ 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
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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 (I0M, 2001), Dietary Fiber includes plant nonstarch poly-
saccharides (e.g., cellulose, pectin, gums, hemicellulose, B-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 B-(1,4)—-linked
glucopyranoside units, is the main structural component of plant cell walls.
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Humans lack digestive enzymes to cleave -(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
B-(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.

B-Glucans. B-glucans are homopolysaccharides of branched glucose
resides. These B-linked D-glucopyranose polymers are constituents of fungi,
algae, and higher plants (e.g., barley and oats). Naturally occurring -glucans
can be classified as Dietary Fibers, whereas added or isolated B-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 -(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

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

346 DIETARY REFERENCE INTAKES

ten. The B-(2,1) linkage is resistant to enzymatic digestion. Synthetic
oligofructose contains B-(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
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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 o-(1-4) and o-(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 o-amylase is called RS,. Native starch that can be made accessible to the
enzyme by gelatinization is called RS,. Resistant starch that is formed
during processing is called RSy or RS, and is considered to be fiber that is
isolated rather than intact and naturally occurring. RS, (retrograded
starch) is formed from the cooking and cooling or extrusion of starchy
foods (e.g., potato chips and cereals). RS, (chemically modified starch)
includes starch esters, starch ethers, and cross-bonded starches that have
been produced by the chemical modification of starch. RS; and RS, 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, RS, and RS, are classified as Dietary Fibers, and RSy and RS, 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
etal.,, 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).

Phystological 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
(15g/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 b 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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Hgyer, 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 B-fructosidase, which are specific for the B-(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 B-Glucans

Laxation. Extracted PB-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 B-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 f-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 B-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
etal., 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 B-glucans were added.
Glucose responses were reduced at both the 1 and 10 percent B-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
etal., 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 (RSy)
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 RS,
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 RS, from a rice-based cereal. A

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

DIETARY, FUNCTIONAL, AND TOTAL FIBER 361

significant increase in stool weight, however, was observed when men
consumed 32 g/d RS, 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 RS, or RS;. 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 RSy 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 RS, 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 RSy was shown to significantly reduce
the urinary excretion of G-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 Fiberin 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 Jowa 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
etal.,, 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
) 0.84
p for trend =
0.03
Rimm et al., 43,757 U.S. 1 1.00
1996 men, 40-75y 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.
0 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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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 2,000¢ 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 1,600? 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

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,
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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.”

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/10490

Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino ...

370 DIETARY REFERENCE INTAKES
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
arole.

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 int