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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



108 DIETARY REFERENCE INTAKES

energy, because any intake above an individual’s energy require-
ment would lead to undesirable (and potentially hazardous)
weight gain.

BACKGROUND INFORMATION

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

Energy Yields from Substrates

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

When alcohol (ethanol or ethyl alcohol) is consumed, it promptly
appears in the circulation and is oxidized at a rate determined largely by
its concentration and by the activity of liver alcohol dehydrogenase. Oxi-



ENERGY 109

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

TABLE 5-1 Heat of Combustion of Various Macronutrients

Heat of
Combustiona Atwater Factord

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

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

combustiona

Protein through 4.70 4.66 0.835 4.0
metabolisma

Alcohole 7.09 4.86 0.67 —

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

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

Energy Requirements Versus Nutrient Requirements

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

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

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

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

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

Energy Balance

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

Components of Energy Expenditure

Basal and Resting Metabolism

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

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

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

Thermic Effect of Food

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

Thermoregulation

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

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

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

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

Physical Activity Level

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

Total Energy Expenditure

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

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

Estimated Energy Requirement

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

SELECTION OF INDICATORS FOR ESTIMATING
THE REQUIREMENT FOR ENERGY

Reported Energy Intake

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

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

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

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

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

Factorial Approach

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

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

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

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

Measurement of Energy Expenditure by Doubly Labeled Water

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

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

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

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

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

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

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

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

Body Mass Index

Adults

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

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

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

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

Reference Subjects n Time (d)

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

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

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

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

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

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

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

Riumallo et al., 1989 Adults 6 7

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

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

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

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

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

T1/2 (d) Poola Fractionatedb Growthc Error

I 50 L 1.9

10.1 S 25 L 1.8

6.3–9.5 S 50 L 5.9 ± 7.6

2.5–3.6 I M E –1.4 ± 4.8

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

2.9–4.5 F P L –0.9 ± 6.2

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

F P L

F P L –1.04 ± 0.63

I P L –2.5 ± 5.8

I P L

F P L

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

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

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

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

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

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

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

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

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

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

Relationship Between Height and Body Fat Content. The NHANES III data
allowed examination of the impact of height on FFM, and hence on FM
and on adiposity (as estimated by percent body fat). The impact of height



126 DIETARY REFERENCE INTAKES

TABLE 5-4 Reference Heights and Weights for Women Based
on a Body Mass Index (BMI) Range from 18.5 up to 25 kg/m2

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

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

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

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

BMI Range
Body Fat (%)b

(kg/m2) Classification Men Women

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

a Developed from regression of percent body fat versus BMI (kg/m2) (Appendix H)
using equations by Sun et al. (2003).
b Estimated from equations derived from bioimpedence data (Sun et al., 2003).



ENERGY 127

10

15

20

25

30

35

40

45

18 20 22 24 26 28 30 32 34 36

% BF

% BF.WC75

% BF.WC85

% BF.WC102

% BF.WC116

MEN

%
 B

od
y 

F
at

Body Mass Index

FIGURE 5-3 Regressions of percent body fat (% BF) vs. body mass index (BMI)
(heavy lines), and vs. BMI relationships (thin lines) for adult men and women with
BMI of 18.5 kg/m2 and higher and with a specified waist circumference (WC) in
men (WC = 116, 102, 85, or 75 cm) and women (WC = 107, 88, 78, or 71 cm).

10

15

20

25

30

35

40

45

18 20 22 24 26 28 30 32 34 36

Body Mass Index

% BF

% BF.WC71

% BF.WC78

% BF.WC88

% BF.WC107

%
 B

od
y 

F
at

WOMEN



128 DIETARY REFERENCE INTAKES

on FFM for various BMI values is shown in Figure 5-5. BEE and REE are
correlated with FFM. Yet no correlation can be detected between height
and percent body fat in men, whereas in women a negative correlation
exists, but with a very small R2 value (0.0026) (Appendix Table H-6). Thus
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FIGURE 5-4 Regressions of percent body fat (% BF) versus body mass index (BMI)
(heavy lines) and the % BF versus BMI relationships (thin lines) for adult men and
women 19 years and older with BMI 18.5 kg/m2 and higher and with specified
triceps skinfold (TSF) thickness in men (TSF = 19.6, 15.8, 11.9, and 6.9 mm) and
women (TSF = 30.7, 26.4, 22.2, and 16.7 mm). The • indicates the mean BMI and
% BF for men and women with BMIs from 18.5 up to 25 kg/m2 and the � indi-
cates the mean BMI and % BF values for all men and women estimated in Appen-
dix Table H-4.
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FIGURE 5-5 Regression of fat-free mass (FFM) and fat mass (FM) as a function of
height in adult men and women with body mass indexes of 18.5, 25, 30, and 35 kg/
m2 (from Appendix H).
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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 at-risk-for-overweight
category (from the 85th BMI percentile) and more than 10 percent are in
the overweight category (from the 95th BMI percentile). Childhood over-
weight is associated with several risk factors for later heart disease and
other chronic diseases including hyperlipidemia, hyperinsulinemia, hyper-
tension, and early arteriosclerosis (Must and Strauss, 1999).

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

FACTORS AFFECTING ENERGY
EXPENDITURE AND REQUIREMENTS

Body Composition and Body Size

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

Effects on Basal and Resting Metabolic Rate

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

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

Obesity

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

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

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

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

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

SOURCE: Kuczmarski et al. (2000).



ENERGY 133

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

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

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

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

10.0 (22.0) 8.1–12.4 (17.8–27.3)
10.3 (22.7) 8.4–12.7 (18.5–28.0)
11.1 (24.4) 9.1–13.7 (20.0–30.2)
11.7 (25.8) 9.6–14.4 (21.1–31.7)
12.2 (26.9) 10.0–15.0 (22.0–33.0)
12.7 (28.0) 10.4–15.6 (22.9–34.4)
13.1 (28.9) 10.7–16.1 (23.6–35.5)
13.5 (29.7) 11.1–16.7 (24.4–36.8)
13.9 (30.6) 11.4–17.3 (25.1–38.1)
14.2 (31.3) 11.6–17.7 (25.6–39.0)



134 DIETARY REFERENCE INTAKES

widely studied in obese children, Tounian and colleagues (1993) reported
no difference in TEF values among obese or overweight and normal-weight
prepubertal children in contrast to the widespread finding of low TEF in
obese adults (Segal et al., 1987, 1990a, 1990b, 1992).

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

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

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

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

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

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

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

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

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

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

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

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

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

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

SOURCE: Kuczmarski et al. (2000).

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

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

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

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

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

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

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

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

Physical Activity

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

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

Effect of Exercise on Postexercise Energy Expenditure

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

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

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

Spontaneous Nonexercise Activity

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

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

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

Gender

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Genetics

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

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

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

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

Ethnicity

African Americans and Caucasians

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

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

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

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

Other Ethnic Groups

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

Environment

Climate

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

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

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

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

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

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

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

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

Altitude

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

Adaptation and Accommodation

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

Adaptation

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

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

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

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

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

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

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

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

Accommodation

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

APPROACH USED TO DETERMINE TOTAL
ENERGY EXPENDITURE

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

Description of the Doubly Labeled Water Database

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

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

Inclusion/Exclusion Criteria

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

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

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

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

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

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

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

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

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

Mean
Mean Weight Height

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

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

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

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

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

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

a Summary of data in Appendix Tables I-1 through I-5.
b For adults (19 years of age and over), the observed BEE was used to calculate the
mean BEE. BEE and physical activity level were not used for infants. For children, BEE



ENERGY 155

lism of healthy individuals over the normal range of age, height, weight,
and energy expenditure. The analyses were restricted to include individuals
within the specific ranges of body sizes and excluded individuals who were
identified as being full-time in physical training.

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

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

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

Mean Basal Mean Total
Energy Energy

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

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

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

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

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

Mean
Mean Weight Height

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

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

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

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

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

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

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

Physical Activity Level Categories

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

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

Mean Basal Mean Total
Energy Energy

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

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

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

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

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

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

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

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

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

TEE Equations for Normal-Weight Children

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

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

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

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

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

Mean 1.5 2.9 2.2 1.5
Active 1.6-1.89

Minimum 1.6 5.8 4.4 3.0
Mean 1.75 9.9 7.3 5.3

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

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

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

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

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

BMI PAL
(kg/m2) Gender Category n

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

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

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

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

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

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

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

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

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

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

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

FINDINGS BY LIFE STAGE AND GENDER GROUP

Infants and Children Ages 0 Through 2 Years

Evidence Considered in Determining the Estimated Energy
Requirement

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

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

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

Age (y) Body Mass Index Males Females

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

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

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

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

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

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

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

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

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

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

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

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

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

Energy Cost
Protein Fat Mass of Tissue Weight Energy

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

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

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

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

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

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

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

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

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

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

EER Summary, Ages 0 Through 2 Years

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

EER for Ages 0 Through 36 Months

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Children Ages 3 Through 8 Years

Evidence Considered in Determining the Estimated Energy
Requirement

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

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

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

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

Energy Intake from
Stage of Milk (As Reported in

Study Country n Lactation Study)a

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

15–18 d
26–29 d

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

14 d

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

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

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

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

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

12 wk
16 wk

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

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

28 infants 9 mo
21 infants 12 mo

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

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

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

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

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

66 ± 12 kcal/dL Not reported Navajo women

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

65 kcal/dL Not reported Breast-feeding mothers

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

Energy content measured
by bomb calorimetry

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

kcal/dL) Full-term pregnancies

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

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

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

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

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

EER Summary, Ages 3 Through 8 Years

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

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

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

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

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

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

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

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

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

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

× height [m]) + 20 kcal

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

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

Total Energy Expenditureb

(TEE) (kcal/d)

Reference Reference Low Very
Weight Height Sedentary Active Active Active

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

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

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

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

Evidence Considered in Determining the Estimated Energy
Requirement

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

EERc (kcal/d)

Low Very
Sedentary Active Active Active
PAL PAL PAL PAL

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

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

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

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

Total Energy Expenditureb

(TEE) (kcal/d)

Reference Reference Low Very
Weight Height Sedentary Active Active Active

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

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

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

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

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

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

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

EERc (kcal/d)

Low Very
Sedentary Active Active Active
PAL PAL PAL PAL

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

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

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

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

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

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

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

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

EER Summary, Ages 9 Through 18 Years

EERs for adolescents have been based on estimates of energy expendi-
ture and requirements for growth based on tissue deposition. Energy
requirements of adolescents must take into account habitual physical



182 DIETARY REFERENCE INTAKES

activity level and lifestyle consistent with the maintenance of health, opti-
mal growth and maturation, and social and economic demands.

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

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

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

× height [m]) + 25 kcal

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

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

× height [m]) + 25 kcal

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.16 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.31 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.56 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)
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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/m2) depend on
an individual’s height. The impact of height and weight on TEE are shown
quantitatively in Figures 5-7 and 5-8.

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

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

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

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

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

EER Summary, Ages 19 Years and Older

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

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

+ 539.6 × height [m])

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

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

+ 726 × height [m])

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

Pregnancy

Evidence Considered to Determine the Estimated Energy Requirement

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

TABLE 5-22  Continued

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

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

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

1.95 (77) Sedentary 70.3 (155) 95.0 (209)
Low active
Active
Very active

a For each year below 30, add 7 kcal/d for women and 10 kcal/d for men. For each year
above 30, subtract 7 kcal/d for women and 10 kcal/d for men.
b PAL = physical activity level.
c EER for men calculated as: EER = 662 – (9.53 × age [y]) + PA × (15.91 × weight [kg] +
539.6 × height [m]), where PA is the physical activity coefficient of 1.00 for sedentary
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In late gestation, the anti-insulinogenic and lipolytic effects of human
chorionic somatomammotropin, prolactin, cortisol, and glucagon contrib-
ute to glucose intolerance, insulin resistance, decreased hepatic glycogen,
and mobilization of adipose tissue (Kalkhoff et al., 1978). Although levels
of serum prolactin, cortisol, glucagon, and fatty acids were elevated and
serum glucose levels were lower in one study, a greater utilization of fatty
acids was not observed during late pregnancy (Butte et al., 1999). On the
contrary, higher mean respiratory quotients (RQs) were observed for BEE
and TEE compared with the postpartum period. Higher basal RQs have
been observed in pregnancy by several (Bronstein et al., 1995; Denne et
al., 1991; Knuttgen and Emerson, 1974; van Raaij et al., 1989), but not all
(Spaaij et al., 1994b) investigators. These observations are consistent with
persistent glucose production in fasted pregnant women, despite lower
fasting plasma glucose concentrations. After fasting, the total rates of glu-
cose production and total gluconeogenesis were increased, even though
the fraction of glucose oxidized and the fractional contribution of gluco-
neogenesis to glucose production remained unchanged (Assel et al., 1993;
Kalhan et al., 1997). In pregnant women, the sustained energy expendi-
ture and higher RQ may reflect the obligatory oxygen consumption of the
fetus and the contribution of glucose as the primary oxidative substrate of
the fetus. In late gestation, the fetus is estimated to use 17 to 26 g/d of

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

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

2,464 2,837 2,151 2,371
2,694 3,107 2,392 2,637
2,986 3,452 2,692 2,971
3,466 4,018 3,053 3,371

2,548 2,940 2,221 2,452
2,786 3,222 2,470 2,728
3,090 3,581 2,781 3,074
3,590 4,171 3,154 3,489

PAL (≥ 1.0 < 1.4), 1.11 for low active PAL (≥ 1.4 < 1.6), 1.25 for active PAL (≥ 1.6 < 1.9),
and 1.48 for very active PAL (≥ 1.9 < 2.5).
d EER for women calculated as: EER = 354 – (6.91 × age [y]) + PA × (9.36 × weight [kg]
+ 726 × height [m]), where PA is the physical activity coefficient of 1.00 for sedentary
PAL, 1.12 for low active PAL, 1.27 for active PAL, and 1.45 for very active PAL.
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glucose (Hay, 1994), well within the increment of carbohydrate oxidation
observed in pregnancy.

Thermic Effect of Food. In studies of pregnant women, TEF has been
shown to be unchanged (Bronstein et al., 1995; Nagy and King, 1984;
Spaaij et al., 1994b) or lower (Schutz et al., 1988) than values of non-
pregnant women.

Physical Activity. Until late gestation, the gross energy cost of standard-
ized nonweight-bearing activity does not significantly change. In the last
month of pregnancy, the energy expended while cycling was increased on
the order of 10 percent. However, when corrected for increased BMR the
increased energy expenditure due to the activity of cycling was 6 percent
(Prentice et al., 1996b). The energy cost of standardized weight-bearing
activities such as treadmill walking was unchanged until 25 weeks of gesta-
tion, after which it increased by 19 percent (Prentice et al., 1996b). Stan-
dardized protocols, however, do not allow for behavioral changes in pace
and intensity of physical activity, which may occur and conserve energy
during pregnancy.

Growth of Maternal and Fetal Tissues. Gestational weight gain includes
the products of conception (fetus, placenta, and amniotic fluid) and
accretion of maternal tissues (uterus, breasts, blood, extracellular fluid,
and adipose). The energy cost of deposition can be calculated from the
amount of protein and fat deposited. Hytten (1991b) made theoretical

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

Pregravid
Weight

Reference n (kg [lb]) Gestation Interval

Durnin et al., 88 57.3±7.5 Prepregnancy to 40 wk
1987 (126.1±16.5)

van Raaij et al., 57 62.5±8.1 3 wk to term
1987 (137.5±17.8)

Forsum et al., 22 61.0± 9.9 Prepregnancy to 40 wk
1988 (134.2±21.8)

Goldberg et al., 12 61.7±8.8 Prepregnancy to 40 wk
1993 (135.7±19.3)

Kopp-Hoolihan 10 NA Prepregnancy to 35 wk
et al., 1999

a The Douglas bag technique of indirect calorimetry was used to estimate BEE.
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calculations based on a weight gain of 12.5 kg and birth weight of 3.4 kg.
The energy equivalents for protein and fat deposition were assumed to be
5.6 kcal/g and 9.5 kcal/g, respectively. The energy cost of tissue deposi-
tion was equivalent to 3.32 kcal/g gained (Table 5-24).

Current recommendations for weight gain during pregnancy are speci-
fied for a woman’s prepregnancy BMI (IOM, 1990). Total weight gain
during pregnancy varies widely among women. For normal-weight women,
the mean rate of weight gain is 1.6 kg in the first trimester and 0.44 kg/wk
in the second and third trimesters (IOM, 1990). For underweight women,
the mean rate of weight gain is 2.3 kg in the first trimester and 0.49 kg/wk
in the second and third trimesters. For overweight women, the mean rate
of weight gain is 0.9 kg in the first trimester and 0.30 kg/wk in the second
and third trimesters.

Fat gains associated with gestational weight gains within the IOM recom-
mended ranges were measured in 200 women with varying prepregnancy
BMIs using a four-component body composition model (Lederman et al.,
1997). The total energy deposition between 14 and 37+ weeks of gestation
was calculated based on an assumed protein deposition of 925 g of protein,
and energy equivalences of 5.65 kcal/g of protein and 9.25 kcal/g of fat
(Table 5-25).

Empirical data on the longitudinal changes in the body composition
of well-nourished, normal weight (prepregnancy BMI from 18.5 up to
25 kg/m2) pregnant women were used to estimate the energy deposition
during pregnancy. Studies in which a prepregnancy baseline or first tri-
mester value was available and methodology was appropriately corrected

Cumulative Cumulative Method Used
Increase in Increase in to Estimate
BEE (kcal) BEE (kcal/d) BEE

30,114 108 Indirect calorimetrya

34,416 133 Indirect calorimetrya

50,300 180 DLW

29,636 106 DLW

36,089 147 DLW
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TABLE 5-25 Estimated Energy Deposition During Pregnancy

Prepregnancy Recommended Estimated
Body Mass Gestational Actual Fat Energy
Index (BMI) Weight Gaina GWG Gain Depositionb

(kg/m2) (GWG) (kg [lb]) (kg [lb]) (kg) (kcal)

Low (BMI < 19.8) 12.5–18.0 (28–40) 12.6±2.4 6.0±2.6 60,726
(28±5.3)

Normal (BMI = 11.5–16.0 (25–35) 12.1±3.4 3.8±3.5 40,376
19.8–26.0) (27±7.5)

High (BMI > 7.0–11.5 (15–25) 9.1±3.1 2.8±4.1 31,126
26.0–29.0) (20±6.8)

Obese (BMI > 29.0) At least 6.8 (15)c 6.9±4.4 –0.6±4.6 –324
(15±9.7)

a As recommended by IOM (1990).
b Calculated based on assumed 5.65 kcal/g of protein gained and 9.25 kcal/g of fat
gained.
c Lederman et al. (1997), used 7–9.2 kg (15–20 lb).
SOURCE: Adapted from Lederman et al. (1997).

TABLE 5-24 Theoretical Energy Cost of Tissue Deposition
During Pregnancy

Protein Fat
Protein Fat Gain Gain Total Energy
Gain (g) Gain (g) (kcal) (kcal) Depositiona (kcal)

Fetus 440 440 2,464 4,180 6,644
Placenta 100 4 560 38 598
Amniotic fluid 3 0 17 0 17
Uterus 166 4 930 38 968
Breasts 81 12 454 114 568
Blood 135 20 756 190 946
Maternal stores 3,345 31,778 31,778
Total 925 3,825 5,180 36,338 41,518

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

for pregnancy-induced changes in the hydration or density of FFM were
used (Table 5-26). Total energy deposition during pregnancy was estimated
from the mean fat gain of 3.7 kg from these studies, plus an assumed
deposition of 925 g of protein, applying energy equivalencies of 5.65 kcal/g
of protein and 9.25 kcal/g of fat. Mean total energy deposition was equal
to 39,862 kcal or 180 kcal/d (Table 5-26).
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Total Energy Expenditure. The DLW method has been employed in four
studies of well-nourished, pregnant women to measure free-living TEE
(Forsum et al., 1992; Goldberg et al., 1991b, 1993; Kopp-Hoolihan et al.,
1999) (Table 5-27). There appeared to be a steady decrease in PAL as
pregnancy advanced, primarily due to the increase in the denominator,
BEE. In the British (Goldberg et al., 1993) and Swedish women (Forsum
et al., 1992) studied, the energy expenditure for activity (TEE – BEE)
decreased in the 36th week of gestation; this decrease was not observed in
the American women (Kopp-Hoolihan et al., 1999).

EER Summary, Pregnancy

The DLW database on pregnant women with prepregnancy BMIs from
18.5 up to 25 kg/m2 (Appendix Table I-4) consists of longitudinal mea-
surements of TEE throughout pregnancy, and in most cases includes a
TEE measurement prior to pregnancy. Therefore, the average TEE
change/gestational week was computed for each woman, and the median
value of these data were assumed to represent the general trend. The
median change in TEE was 8 kcal per week of gestation with a range of –57
to 107 kcal/wk. There was great variability in the average TEE change/
week between women and studies; however, few predictive factors were
identified. The change in TEE was not related to maternal age,
prepregnancy weight, prepregnancy BMI, or weight gain or loss during
pregnancy. The change in TEE, however, is negatively correlated to the
baseline PAL.

The EER for energy during pregnancy is derived from the sum of the
TEE of the woman in the nonpregnant state plus a median change in TEE
of 8 kcal/wk plus the energy deposition during pregnancy of 180 kcal/d
(Table 5-26). Since TEE changes little and weight gain is minor during the
first trimester, no increase in energy intake during the first trimester is
recommended.

EER for Pregnancy
14–18 years
EERpregnant = adolescent EERnonpregnant + additional

energy expended during pregnancy + energy deposition
1st trimester = adolescent EER + 0 + 0
2nd trimester = adolescent EER + 160 kcal (8 kcal/wk × 20 wk)

+ 180 kcal
3rd trimester = adolescent EER + 272 kcal (8 kcal/wk × 24 wk)

+ 180 kcal
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19–50 years
EERpregnant = EERnonpregnant + additional energy expended

during pregnancy + energy deposition
1st trimester = adult EER + 0 + 0
2nd trimester = adult EER + 160 kcal (8 kcal/wk × 20 wk)

+ 180 kcal
3rd trimester = adult EER + 272 kcal (8 kcal/wk × 34 wk)

+ 180 kcal

TABLE 5-26 Energy Deposition During Pregnancy

Observed Body
Gestation Gestational Weight Composition

Reference n Interval (wk) Gain (kg [lb]) Methoda

Pipe et al., 1979 27 12–37 10.40 (23) TBW
TBK

Forsum et al., 1988 22 0–36 13.60 (30) TBW
TBK

van Raaij et al., 1988 42 11–35 9.15 (20) UWW
11.60 (26)

Goldberg et al., 1993 12 0–36 11.91 (26) TBW

de Groot et al., 1994 12 0–34 11.70 (26) UWW

Lederman et al., 1997 46 14–37 12.10 (27) TBW
UWW
BMC

Lindsay et al., 1997 27 0–33/36 12.61 (28) UWW

Sohlstrom and 16 0–5/10 d 15.80 (35) MRI
Forsum, 1997 postpartum

Kopp-Hoolihan et al., 10 0–34 11.60 (26) TBW
1999 UWW

BMC

Mean

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

Evidence Considered in Determining the Estimated Energy
Requirement

Basal Metabolism. Increased RMRs and SMRs have been observed in
lactating women on the order of 4 to 5 percent (Butte et al., 1999; Forsum
et al., 1992; Sadurskis et al., 1988; Spaaij et al., 1994a). The increased
energy expenditure is consistent with the additional energy cost of milk
synthesis. Others have reported lower (Guillermo-Tuazon et al., 1992) or

Theoretical Measured Energy Energy Energy
Protein Fat Gain Deposition Depositionc Deposition
Gainb (kg) (kg) (kcal) (kcal/d) (kcal/g)

0.925 2.40 27,426 157 2.64

0.925 5.8 58,876 234 4.33

0.925 1.9 22,801 136 2.49

0.925 2.8 31,126 124 2.61

0.925 3.4 36,676 154 3.13

0.925 3.8 40,376 251 3.34

0.925 5.9 59,801 247 4.74

0.925 3.6 38,526 138 2.44

0.925 4.5 43,151 176 3.85

3.7 38,862 180

b From Hytten (1991b) (see Table 5-24).
c Based on 5.65 kcak/g of protein gained and 9.25 kcal/g of fat gained.
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similar BEE or RMR in lactating women compared to the nonlactating
state (Frigerio et al., 1991; Goldberg et al., 1991b; Illingworth et al., 1986;
Motil et al., 1990; Piers et al., 1995b; van Raaij et al., 1991). Interpretation
of these studies is difficult because BEE or RMR was not always adjusted
for differences in body weight or body composition between comparison
groups. In general, it would appear that BEE or RMR is unchanged or
slightly elevated during lactation; there is little evidence of energy conser-
vation.

Higher RQs and rates of carbohydrate utilization have been reported
in lactating compared with nonlactating women, consistent with the pref-
erential use of glucose by the mammary gland (Butte et al., 1999). Con-
flicting results of lower fasting RQ (0.82 versus 0.85) (Spaaij et al., 1994a),
as well as no significant differences in RQ during lactation, have been
reported (Frigerio et al., 1991; Piers et al., 1995b; van Raaij et al., 1991).

Thermic Effect of Food. TEF was reported to be 30 percent lower during
than after lactation in one study (Illingworth et al., 1986), but unchanged

TABLE 5-27 Doubly Labeled Water Pregnancy Studies

Pregravid Gestational
Gestation Weight Weight

Reference n Week (kg) Gain (kg)

Goldberg et al., 1991b 10 36 — —

Forsum et al., 1992 22 0 60.8 13.5
22 16–18
22 30
19 36

Goldberg et al., 1993 12 0 61.7 11.91
6

12
18
24
30
36

Kopp-Hoolihan et al., 1999 10 0 — 11.6
8–10

24–26
34–36

a Physical activity level = total energy expenditure/basal energy expenditure.
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in another (Spaaij et al., 1994a). Although results are conflicting, it is
unlikely that TEF contributes significantly to the energetic economy of
lactating women.

Physical Activity. Theoretically, the energy cost of lactation could be
met by a reduction in the time spent in physical activity or an increase in
the efficiency of performing routine tasks. The energetic cost of
nonweight-bearing and weight-bearing activities has been measured in lac-
tating women (Spaaij et al., 1994a; van Raaij et al., 1990). Adaptations in
the level of physical activity are not always seen in lactating women. Reduc-
tions in physical activity have been reported in early lactation (4 to 5 weeks
postpartum) in the Netherlands (van Raaij et al., 1991), the United States
(Butte et al., 2001), and Great Britain (Goldberg et al., 1991b). Physical
activity increased in the lactating Dutch women from 5 to 27 weeks post-
partum (van Raaij et al., 1991). By 3 months postpartum, the American
women (Butte et al., 2001) had resumed their prepregnancy occupational
and recreational lifestyles in addition to their child-rearing responsibilities

Total Activity
Energy Physical Energy
Expenditure Activity Expenditure
(kcal/d) Levela (kcal/d)

2,470 1.42 731

2,484 1.87 1,147
2,293 1.65 860
2,986 1.82 1,338
2,914 1.66 1,171

2,274 1.58 835
2,322 1.54 818
2,426 1.64 939
2,456 1.65 964
2,621 1.66 1,042
2,675 1.62 1,026
2,688 1.50 885

2,205 1.68 892
2,047 1.57 743
2,410 1.56 867
2,728 1.61 1,038
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and their physical activity had returned to prepregnancy levels. While a
decrease in moderate and discretionary activities appears to occur in most
lactating women in the early postpartum period, activity patterns beyond
this period are highly variable.

Total Energy Expenditure. TEEs of lactating women have been mea-
sured by the DLW method in five studies (Butte et al., 2001; Forsum et al.,
1992; Goldberg et al., 1991b; Kopp-Hoolihan et al., 1999; Lovelady et al.,
1993) as shown in Table 5-28. There are several potential sources of error
in using the DLW method in lactation studies. These sources of error may
be attributed to isotope exchange and sequestration that occurs during
the de novo synthesis of milk fat and lactose, and to increased water flux
into milk (Butte et al., 2001). Underestimation of carbon dioxide by 1.0 to
1.3 percent may theoretically occur due to the export of exchangeable
hydrogen bound to solids in milk (IDECG, 1990). This underestimation
may increase to 1.5 to 3.4 percent due to 2H sequestration.

As shown in Table 5-28, mean TEE values of 2,391 kcal/d (PAL = 1.79)
(Butte et al., 2001) and 2,413 kcal/d (PAL = 1.76) (Lovelady et al., 1993)
in American women were higher than average values reported for British
women (2,139 kcal/d; PAL = 1.55) (Goldberg et al., 1991b), and lower
than average values in Swedish women (2,556 kcal/d, PAL = 1.80) (Forsum
et al., 1992) during lactation. The energy expended in activity (TEE –

TABLE 5-28 Doubly Labeled Water Lactation Studies

Total Total
Stage of Energy Energy Basal
Lactation Expenditure Expenditure Estimation

Reference n (mo) (kcal/d) (kcal/kg/d) (kcal/d)

Goldberg et al., 10 1 2,109 35.8 1,406
1991b 2 2,171 36.9 1,397

3 2,138 36.5 1,345
Forsum et al., 1992 23 2 2,532 39.3 1,409

6 2,580 41.0 1,433
Lovelady et al., 1993 9e 3–6 2,413 37.2 1,376
Kopp-Hoolihan 10 1 2,146 — 1,328

et al., 1999
Butte et al., 2001f 24 3 2,391 38.1 1,331

a Unless otherwise noted AEE includes TEF.
b Estimated to be 0.67 kcal/g (Butte et al., 1984a, 1984b; Neville, 1995).
c Observed change in body composition during lactation.
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BEE) ranged from 700 to 1,100 kcal/d in American, British, and Swedish
lactating women.

Milk Energy Output. Milk energy output is computed from milk pro-
duction and the energy density of human milk. Milk production rates
increase during the first 6 months of full lactation. Beyond 6 months post-
partum, typical milk production rates are variable and depend on weaning
practices. Mean milk production rates of American women were 0.78 L/d
in term infants from birth through 6 months of age (Allen et al., 1991;
Heinig et al., 1993), and 0.6 L/d in term infants from 7 through 12 months
of age (Dewey et al., 1984).

The energy density of human milk has been measured by bomb
calorimetry or proximate macronutrient analysis of representative 24-hour
pooled milk samples. The mean energy density of human milk ranged
from 0.64 to 0.74 kcal/g (Butte et al., 1984a, 1984b; Neville, 1995). The
value of 0.67 kcal/g is used in this report.

Energy Mobilization. The changes in weight and therefore energy
mobilization from tissues occur in some, but not all, lactating women
(Butte and Hopkinson, 1998; Butte et al., 2001; IOM, 1991). In general,
during the first 6 months postpartum, well-nourished lactating women
experience a mild, gradual weight loss, averaging –0.8 kg/mo (Butte et al.,

Activity Milk
Energy Physical Energy Energy Energy
Expenditurea Activity Outputb Mobilizationc Requirementd

(kcal/d) Level (kcal/d) (kcal/d) (kcal/d)

703 1.50 536 Gained fat 2,645
774 1.55 532 mass 2,703
793 1.59 530 2,668

1,123 1.82 502 72 2,962
1,123 1.79
1,037 1.75 538 287 2,664

816 1.62 — — —

1,061 1.79 483 155 2,719

d Energy requirement = measured TEEDLW + energy of milk output – energy mobilized
from tissues.
e All subjects breast-fed, except one.
f TEF only for Butte et al. (2001). TEF was 239.
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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 18O dilution and total body potassium counting.
Consistent with a minor weight loss and sedentary lifestyle, British women
(n = 10) displayed a nonsignificant increase in percent of FM (30.3 to 31.4
percent between 1 to 3 months postpartum) estimated by 2H and 18O
dilution (Goldberg et al., 1991b). In American women, FM decreased from
28.0 percent at 1 month to 26.3 percent at 4 months postpartum, mea-
sured by underwater weighing (Butte et al., 1984b). Changes in adipose
tissue volume in 15 Swedish women were measured by magnetic resonance
imaging (Sohlstrom and Forsum, 1995). In the first 6 months postpartum,
the subcutaneous region accounted for the entire reduction in adipose
tissue volume, which decreased from 23.2 L to 20.0 L; nonsubcutaneous
adipose tissue volume actually increased. Mobilization of tissue reserves is
a general, but not obligatory, feature of lactation.

Total Energy Requirements. The energy requirements of lactating
women were estimated from measurements of TEE, milk energy output,
and energy mobilization from tissue stores in the following studies in which
DLW was used (Butte et al., 2001; Forsum et al., 1992; Goldberg et al.,
1991b; Lovelady et al., 1993) (Table 5-28). In the 10 lactating British
women, the total energy requirements (and net energy requirements, since
there was no fat mobilization) were 2,646, 2,702, and 2,667 kcal/d (11.1,
11.3, and 11.2 MJ/d) at 1, 2, and 3 months postpartum, respectively. Milk
energy output averaged 533 kcal/d (2.2 MJ/d) (Goldberg et al., 1991b).
In 23 lactating Swedish women, the total energy requirement at 2 months
postpartum was 3,034 kcal/d (12.7 MJ/d), offset by 72 kcal/d (0.3 MJ/d)
from tissue stores to yield a net requirement of 2,962 kcal/d (12.4 MJ/d)
(Forsum et al., 1992). In nine lactating American women, the total energy
requirement was 2,413 kcal/d (10.1 MJ/d), with 538 kcal/d (2.3 MJ/d)
exported into milk and 287 kcal/d (1.2 MJ/d) mobilized from tissues,
yielding a net requirement of 2,663 kcal/d (11.1 MJ/d) (Lovelady et al.,
1993). Data from other lactating American women (Butte et al., 2001) give
similar results. The women in the above studies were fully breastfeeding
their infants, who were less than 6 months of age. In these studies, mean
milk energy outputs during full lactation were similar (483 to 538 kcal/d
or 2.0 to 2.3 MJ/d). The energetic inefficiency of milk synthesis is encom-
passed in the measurement of TEE.
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The stage and extent of breastfeeding affect the incremental energy
requirements for lactation. During the first 6 months of lactation, milk
production rates are increased (Butte et al., 2001). Customary milk pro-
duction rates beyond 6 months postpartum typically vary and depend on
weaning practices (Butte et al., 2001).

EER Summary, Lactation

The DLW database provided TEE values for lactating women with
prepregnancy BMIs from 18.5 up to 25 kg/m2 at 1, 2, 3, 4, and 6 months
postpartum (Appendix Table I-5). Analysis of the DLW database showed a
small but significant change in TEE over these postpartum time periods
(ANOVA, P = 0.05). A comparison was made between observed TEE of
lactating women and TEE calculated from age, height, weight, and PAL
using the prediction equation for adult women (see earlier section, “Adults
Ages 19 Years and Older”). At 1 month postpartum, observed TEE was
about 200 kcal less than predicted, while no differences were apparent at
later months. For derivation of the EER for lactation, the TEE is based on
the EER for normal-weight adult women using current age, weight, and PAL.

The EERs to be used during lactation are estimated from TEE, milk
energy output, and energy mobilization from tissue stores. Because adap-
tations in basal metabolism and physical activity are not evident in well-
nourished women, energy requirements of lactating women are met par-
tially by mobilization of tissue stores, but primarily from the diet. In the
first 6 months postpartum, well-nourished lactating women experience an
average weight loss of 0.8 kg/mo, which is equivalent to 170 kcal/d
(6,500 kcal/kg) (Butte and Hopkinson, 1998). Weight stability is assumed
after 6 months postpartum. Milk production rates average 0.78 L/d from
birth through 6 months of age and 0.6 L/d from 7 through 12 months of
age. At 0.67 kcal/g of milk (Table 5-18), the milk energy output would be
523 kcal/d, which is rounded to 500 kcal/d, in the first 6 months and
402 kcal/d, which is rounded to 400 kcal/d, in the second 6 months of
lactation.

EER for Lactation
14–18 Years
EERlactation = adolescent EERprepregnancy + milk energy output

– weight loss
1st 6 mo adolescent EER + 500 – 170
2nd 6 mo adolescent EER + 400 – 0
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19–50 Years
EERlactation = adult EERprepregnancy + milk energy output

– weight loss
1st 6 mo adult EER + 500 – 170
2nd 6 mo adult EER + 400 – 0

Special Considerations

Method Used to Estimate Weight Maintenance in Overweight and
Obese Adults

Since Dietary Reference Intakes are designed to apply to apparently
health individuals, the EERs are defined as values appropriate for mainte-
nance of long-term good health. Overweight and obese individuals have
greater weight than is consistent with long-term good health, thus EER
values given in previous sections are not intended for overweight or obese
individuals or for those who desire to lose weight. Instead, weight mainte-
nance TEE values are discussed, along with information on the relation-
ship between reduction in energy intake and change in body composition.

Equations to predict TEE for all adults from age, height, weight, gender,
and activity level were generated from the combined DLW database of
normal, overweight, and obese individuals (Appendix Tables I-3 and I-7).
In addition, the DLW database of overweight and obese individuals (Appen-
dix Table I-7) was used to generate equations to predict TEE in overweight
and obese adult men and women (BMI 25 kg/m2 and higher) from age,
height, weight, and physical activity category using nonlinear regression.
PAL categorization was determined using the adults’ observed BEE. Data
were not used in the derivation of the TEE equations if the PAL value was
less than 1.0 or greater than 2.5.

The coefficients and standard error derived for only overweight and
obese men and women are provided in Appendix Table I-10. For the over-
weight and obese equations, the standard deviations of the residuals ranged
from 190 to 331, with the highest value in the very active PAL category.
The equations are shown below (see Table I-10 for coefficients used).

Overweight and Obese Men Ages 19 Years and Older
TEE = 1086 – (10.1 × age [y]) + PA × (13.7 × weight [kg]

+ 416 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
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PA = 1.29 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.59 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Overweight and Obese Women Ages 19 Years and Older
TEE = 448 – (7.95 × age [y]) + PA × (11.4 × weight [kg]

+ 619 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.16 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.44 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Method Used to Estimate Weight Maintenance in Normal-weight,
Overweight, and Obese Adults

TEE predictive equations were also developed combining normal-
weight, overweight, and obese adults (BMI 18.5 kg/m2 and higher) as
mentioned earlier; the coefficients and standard errors are shown in
Appendix Table I-11. Mean of the residuals did not differ from zero. For
the combined data sets, the standard deviations of the residuals ranged
from 182 to 321.

The adult predictive equations for TEE were subjected to statistical
testing of their estimated coefficients and asymptotic standard deviations
using a chi-square distribution (Hotelling T-squared test). The specific
equations for the overweight and obese men and women (BMI from
25 kg/m2 and higher) given above were not statistically different from the
equations derived solely from normal-weight individuals given in the previ-
ous section (BMI from 18.5 up to 25 kg/m2; P > 0.99) or normal plus
overweight and obese individuals shown below (BMI from 18.5 kg/m2 and
higher; P = 0.96–0.99).

In addition, the equations generated to predict TEE from the com-
bined data set of normal plus overweight and obese individuals had a
larger sample size, thus reducing the standard error of the coefficients,
and improved the continuity of predicted TEEs at the BMI junction
between normal-weight and overweight individuals. For these reasons, the
combined data from normal-weight and overweight and obese individuals
were used to develop equations to predict TEE in overweight and obese
adults. The resulting equations, described in the following sections, are
accurate for use in both normal-weight and overweight and obese adults,
and are thus suitable for prediction of energy requirements both in over-
weight and obese groups and in mixed groups containing normal-weight
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and overweight adults. The equations are shown below (see Table I-11 for
coefficients used).

Normal-weight, Overweight, and Obese Men Ages 19 Years and Older
TEE = 864 – (9.72 × age [y]) + PA × (14.2 × weight [kg]

+ 503 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.54 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Normal-weight, Overweight, and Obese Women Ages 19 Years and Older
TEE = 387 – (7.31 × age [y]) + PA × (10.9 × weight [kg]

+ 660.7 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.14 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.27 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.45 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

Current consensus guidelines for the management of obesity in adults
(BMI 30 kg/m2 and higher) recommend weight loss of around 10 percent
of initial weight over a 6-month period (NIH, 2000). For overweight indi-
viduals (BMI from 25 up to 30 kg/m2) who have no other risk factors, a
motivation and desire to lose weight is an important consideration for
recommending weight loss. Persons who do not wish to lose weight should
receive advice and monitoring aimed at weight maintenance and risk
reduction. Nevertheless, there is consensus that BMIs of 25 kg/m2 and
higher increase risk of premature morbidity and mortality (Chan et al.,
1994; Colditz GA et al., 1995; Rimm et al., 1995; Stevens et al., 1998; Willett
et al., 1999), and that relatively modest weight loss can improve blood
pressure (Huang Z et al., 1998; Kannel et al., 1967; Reisin et al., 1978;
Schotte and Stunkard, 1990), serum lipid (Grundy et al., 1979; Kesaniemi
and Grundy, 1983; Osterman et al., 1992; Wood et al., 1988, 1991), and
glucose tolerance (Amatruda et al., 1988; Doar et al., 1975; Hadden et al.,
1975; Wing et al., 1991).
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Rationale for Recommending Use of Equations Based on Combined
Database for Overweight and Obese Individuals

Tables 5-29 and 5-30 show 24-h BEE and TEE values for 30-year-old
men and women of different BMIs. The tables illustrate that obese men
and women have consistently higher TEE than normal-weight men and
women of comparable height and PAL, which implies that, on average,
overweight and obese individuals need to consume more dietary energy to
maintain weight than individuals within the healthy weight range to main-
tain their larger body weights.

The following predictive equations for BEE were derived from the
observed BEE values in the DLW database (Appendix Tables I-3 and I-7):

For normal-weight men:
BEE (kcal/d) = 204 – (4 × age [y]) + 450.5 × height (m)

+ 11.69 × weight (kg)
residual = 0 ± 149, R2 = 0.46.

For normal-weight, overweight, and obese men:
BEE (kcal/d) = 293 – (3.8 × age [y]) + 456.4 × height (m)

+ 10.12 × weight (kg)
residual = 0 ± 156, R2 = 0.64.

For normal-weight women:
BEE (kcal/d) = 255 – 2.35 × age (y) + 361.6 × height (m)

+ 9.39 × weight (kg)
residual = ± 125, R2 = 0.39.

For normal-weight, overweight, and obese women:
BEE (kcal/d) = 247 – (2.67 × age [y]) + 401.5 × height (m)

+ 8.60 × weight (kg)
residual = ± 156, R2 = 0.62.

The residuals (differences between the observed and predicted BEE)
can be compared with the differences between the BEE values calculated
for the adults in the DLW database using the BEE predictive equations by
Henry (2000) and WN Schofield (1985) based on body weight, and the
predictive BEE equation of WN Schofield (1985) based on body weight
and height and the observed BEE in the DLW database. These differences
(averages ± standard deviation [SD]) are: –35 ± 168, –9 ± 169, and –34 ± 184
in men, and –33 ± 134, 8 ± 137, and 16 ± 135 in women, respectively.

For the normal-weight adults with BMIs from 18.5 up to 25 kg/m2 in
Tables 5-29 and 5-30, BEE was calculated using the above BEE prediction
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TABLE 5-29 Basal and Total Daily Energy Expenditure in
Men 30 Years of Age as Calculated from Total Energy
Expenditure (TEE) Equations for Normal-weight, Overweight,
and Obese Mena

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.45 BEE 38.9 47.3 52.5 52.6 63.1 73.6 84.1
(57) Sedentary (86) (104) (116) (116) (139) (162) (185)

Low active
Active
Very active

1.50 BEE 41.6 50.6 56.2 56.3 67.5 78.8 90.0
(59) Sedentary (92) (111) (124) (124) (149) (173) (198)

Low active
Active
Very active

1.55 BEE 44.4 54.1 60.0 60.1 72.1 84.1 96.1
(61) Sedentary (98) (119) (132) (132) (159) (185) (211)

Low active
Active
Very active

1.60 BEE 47.4 57.6 64.0 64.0 76.8 89.6 102.4
(63) Sedentary (104) (127) (141) (141) (169) (197) (225)

Low active
Active
Very active

1.65 BEE 50.4 61.3 68.0 68.1 81.7 95.3 108.9
(65) Sedentary (111) (135) (150) (150) (180) (210) (240)

Low active
Active
Very active

1.70 BEE 53.5 65.0 72.2 72.3 86.7 101.2 115.6
(67) Sedentary (118) (143) (159) (159) (191) (223) (254)

Low active
Active
Very active

1.75 BEE 56.7 68.9 76.5 76.6 91.9 107.2 122.5
(69) Sedentary (125) (152) (168) (168) (202) (236) (270)

Low active
Active
Very active



ENERGY 207

continued

TEEc (kcal/d) for a Body Mass Index (kg/m2) of:

18.5 22.5 24.99 25 30 35 40

1,192 1,290 1,351 1,373 1,479 1,585 1,692
1,777 1,911 1,994 2,048 2,197 2,347 2,496
1,931 2,080 2,172 2,225 2,393 2,560 2,727
2,128 2,295 2,399 2,447 2,636 2,826 3,015
2,450 2,648 2,771 2,845 3,075 3,305 3,535

1,246 1,352 1,417 1,433 1,547 1,661 1,774
1,848 1,991 2,080 2,126 2,285 2,445 2,605
2,010 2,169 2,268 2,312 2,491 2,670 2,849
2,216 2,395 2,506 2,545 2,748 2,951 3,154
2,554 2,766 2,898 2,964 3,210 3,456 3,702

1,302 1,414 1,484 1,494 1,616 1,737 1,859
1,920 2,073 2,168 2,205 2,376 2,546 2,717
2,089 2,259 2,365 2,401 2,592 2,783 2,974
2,305 2,497 2,616 2,646 2,862 3,079 3,296
2,661 2,887 3,028 3,087 3,349 3,612 3,875

1,358 1,478 1,553 1,557 1,686 1,816 1,946
1,993 2,156 2,257 2,286 2,468 2,650 2,831
2,171 2,352 2,464 2,492 2,695 2,899 3,102
2,397 2,601 2,728 2,749 2,980 3,210 3,441
2,769 3,010 3,160 3,211 3,491 3,771 4,051

1,416 1,543 1,623 1,621 1,759 1,896 2,034
2,068 2,241 2,349 2,369 2,562 2,755 2,949
2,254 2,446 2,566 2,584 2,801 3,017 3,234
2,491 2,707 2,842 2,854 3,099 3,345 3,590
2,880 3,136 3,296 3,339 3,637 3,934 4,232

1,475 1,610 1,694 1,686 1,832 1,979 2,125
2,144 2,328 2,442 2,453 2,659 2,864 3,069
2,339 2,542 2,670 2,679 2,909 3,139 3,369
2,586 2,816 2,959 2,961 3,222 3,483 3,743
2,993 3,265 3,434 3,469 3,785 4,101 4,417

1,535 1,678 1,767 1,753 1,907 2,062 2,217
2,222 2,417 2,538 2,540 2,757 2,975 3,192
2,425 2,641 2,776 2,776 3,019 3,263 3,507
2,683 2,927 3,079 3,071 3,347 3,623 3,899
3,108 3,396 3,576 3,602 3,937 4,272 4,607
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equations for normal-weight men and women, and TEE was calculated
utilizing the EER equations in the section “Adults Ages 19 Years and Older.”
For overweight and obese adults with BMIs from 25 up to 40 kg/m2, the
above BEE prediction equations for normal, overweight, and obese men
and women were utilized to calculate BEE, and the above TEE equations
for normal, overweight, and obese individuals were used to predict the
TEE. The differences between the predictions made for BMI of 24.99 kg/m2

and BMI of 25 kg/m2 in Tables 5-29 and 5-30 show that the discrepancies
at the junction of the two prediction ranges are essentially negligible as
average differences (± SD) are 0.4 ± 2.1 percent in men, and 0.9 ± 1.1 per-
cent in women, respectively.

TABLE 5-29 Continued

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.80 BEE 59.9 72.9 81.0 81.0 97.2 113.4 129.6
(71) Sedentary (132) (160) (178) (178) (214) (249) (285)

Low active
Active
Very active

1.85 BEE 63.3 77.0 85.5 85.6 102.7 119.8 136.9
(73) Sedentary (139) (169) (188) (188) (226) (264) (301)

Low active
Active
Very active

1.90 BEE 66.8 81.2 90.2 90.3 108.3 126.4 144.4
(75) Sedentary (147) (179) (198) (199) (239) (278) (318)

Low active
Active
Very active

1.95 BEE 70.3 85.6 95.0 95.1 114.1 133.1 152.1
(77) Sedentary (155) (188) (209) (209) (251) (293) (335)

Low active
Active
Very active

a For each year below 30, add 4 kcal/d to BEE and 10 kcal/d to TEE. For each year
above 30, subtract 4 kcal/d from BEE and 10 kcal/d from TEE. Equations determined
from combined DLW databases (Appendix Table I-11).
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Weight Reduction in Overweight and Obese Adults

When obese individuals need to lose weight, the necessary negative
energy balance can theoretically be achieved by either a reduction in
energy intake or an increase in energy expenditure of physical activity
(EEPA). Most usually, a combination of both is desirable (NIH, 2000)
because it is hard to achieve the high levels of negative energy balance
necessary for 1 to 2 lb/wk weight loss with exercise alone. In support of
this contention, meta-analyses show very low levels of weight loss in struc-
tured exercise programs (Ballor and Keesey, 1991), but at the same time
several studies suggest that the combination of dietary change and
increased physical activity appears effective for promoting weight loss and
successful weight maintenance after weight loss, perhaps by promoting

TEEc (kcal/d) for a Body Mass Index (kg/m2) of:

18.5 22.5 24.99 25 30 35 40

1,596 1,747 1,841 1,820 1,984 2,148 2,312
2,301 2,507 2,635 2,628 2,858 3,088 3,318
2,513 2,742 2,884 2,875 3,132 3,390 3,648
2,782 3,040 3,200 3,183 3,475 3,767 4,059
3,225 3,530 3,720 3,738 4,092 4,447 4,801

1,658 1,818 1,917 1,889 2,062 2,236 2,409
2,382 2,600 2,735 2,718 2,961 3,204 3,447
2,602 2,844 2,995 2,975 3,248 3,520 3,792
2,883 3,155 3,325 3,297 3,606 3,915 4,223
3,344 3,667 3,867 3,877 4,251 4,625 4,999

1,721 1,889 1,995 1,959 2,142 2,325 2,507
2,464 2,694 2,837 2,810 3,066 3,322 3,579
2,694 2,949 3,107 3,078 3,365 3,652 3,939
2,986 3,273 3,452 3,414 3,739 4,065 4,390
3,466 3,806 4,018 4,018 4,412 4,807 5,202

1,785 1,963 2,073 2,031 2,223 2,416 2,608
2,548 2,790 2,940 2,903 3,173 3,443 3,713
2,786 3,055 3,222 3,183 3,485 3,788 4,090
3,090 3,393 3,581 3,532 3,875 4,218 4,561
3,590 3,948 4,171 4,162 4,578 4,993 5,409

b PAL = physical activity level, BEE = basal energy expenditure.
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TABLE 5-30 Basal and Total Daily Energy Expenditure in
Women 30 Years of Age as Calculated from Total Energy
Expenditure (TEE) Equations for Normal-weight, Overweight,
and Obese Womena

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.45 BEE 38.9 45.2 52.5 52.6 63.1 73.6 84.1
(57) Sedentary (86) (100) (116) (116) (139) (162) (185)

Low active
Active
Very active

1.50 BEE 41.6 48.4 56.2 56.3 67.5 78.8 90.0
(59) Sedentary (92) (107) (124) (124) (149) (174) (198)

Low active
Active
Very active

1.55 BEE 44.4 51.7 60.0 60.1 72.1 84.1 96.1
(61) Sedentary (98) (114) (132) (132) (159) (185) (212)

Low active
Active
Very active

1.60 BEE 47.4 55.0 64.0 64.0 76.8 89.6 102.4
(63) Sedentary (104) (121) (141) (141) (169) (197) (226)

Low active
Active
Very active

1.65 BEE 50.4 58.5 68.0 68.1 81.7 95.3 108.9
(65) Sedentary (111) (129) (150) (150) (180) (210) (240)

Low active
Active
Very active

1.70 BEE 53.5 62.1 72.2 72.3 86.7 101.2 115.6
(67) Sedentary (118) (137) (159) (159) (191) (223) (255)

Low active
Active
Very active

1.75 BEE 56.7 65.8 76.5 76.6 91.9 107.2 122.5
(69) Sedentary (125) (145) (169) (169) (202) (236) (270)

Low active
Active
Very active
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TEE (kcal/d) for a Body Mass Index (kg/m2)of:

18.5 22.5 24.99 25 30 35 40

1,074 1,133 1,202 1,201 1,291 1,382 1,472
1,564 1,623 1,691 1,698 1,813 1,927 2,042
1,734 1,800 1,877 1,912 2,043 2,174 2,304
1,946 2,021 2,108 2,112 2,257 2,403 2,548
2,201 2,287 2,386 2,387 2,553 2,719 2,886

1,118 1,181 1,255 1,253 1,349 1,446 1,543
1,625 1,689 1,762 1,771 1,894 2,017 2,139
1,803 1,874 1,956 1,996 2,136 2,276 2,415
2,025 2,105 2,198 2,205 2,360 2,516 2,672
2,291 2,382 2,489 2,493 2,671 2,849 3,027

1,163 1,230 1,309 1,306 1,409 1,512 1,615
1,688 1,756 1,834 1,846 1,977 2,108 2,239
1,873 1,949 2,037 2,081 2,230 2,380 2,529
2,104 2,190 2,290 2,299 2,466 2,632 2,798
2,382 2,480 2,593 2,601 2,791 2,981 3,171

1,208 1,280 1,364 1,360 1,470 1,580 1,690
1,752 1,824 1,907 1,922 2,061 2,201 2,340
1,944 2,025 2,118 2,168 2,327 2,486 2,645
2,185 2,276 2,383 2,396 2,573 2,750 2,927
2,474 2,578 2,699 2,712 2,914 3,116 3,318

1,254 1,331 1,420 1,415 1,532 1,649 1,766
1,816 1,893 1,982 1,999 2,148 2,296 2,444
2,016 2,102 2,202 2,256 2,425 2,594 2,763
2,267 2,364 2,477 2,494 2,682 2,871 3,059
2,567 2,678 2,807 2,824 3,039 3,254 3,469

1,301 1,383 1,478 1,471 1,595 1,719 1,843
1,881 1,963 2,057 2,078 2,235 2,393 2,550
2,090 2,180 2,286 2,345 2,525 2,705 2,884
2,350 2,453 2,573 2,594 2,794 2,994 3,194
2,662 2,780 2,917 2,938 3,166 3,395 3,623

1,350 1,436 1,536 1,528 1,659 1,791 1,923
1,948 2,034 2,134 2,158 2,325 2,492 2,659
2,164 2,260 2,372 2,437 2,627 2,817 3,007
2,434 2,543 2,670 2,695 2,907 3,119 3,331
2,758 2,883 3,028 3,054 3,296 3,538 3,780

continued
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favorable metabolic changes or improved dietary compliance (DePue et
al., 1995; Dunn et al., 1999; Hartman et al., 1993; Holden et al., 1992;
Miller et al., 1997).

Several studies indicate that energy expenditure decreases when
energy intake is less than TEE, with the result that weight loss is less than
anticipated based on the reduction in energy intake. As shown in Figure 5-9,
a summary of studies on changes in resting energy expenditure (REE)
with negative energy balance in adults have shown that the decline in REE
with weight loss is greater than predicted from the loss of FFM that occurs
concomitantly during negative energy balance. This suggests that there is
a decrease in REE per unit of FFM during active weight loss (under-
feeding).

TABLE 5-30 Continued

Height
Weight (kg [lb]) for a Body Mass Index (kg/m2) of:

(m [in]) PALb 18.5 22.5 24.99 25 30 35 40

1.80 BEE 59.9 69.7 81.0 81.0 97.2 113.4 129.6
(71) Sedentary (132) (154) (178) (178) (214) (250) (285)

Low active
Active
Very active

1.85 BEE 63.3 73.6 85.5 85.6 102.7 119.8 136.9
(73) Sedentary (139) (162) (188) (189) (226) (264) (302)

Low active
Active
Very active

1.90 BEE 66.8 77.6 90.2 90.3 108.3 126.4 144.4
(75) Sedentary (147) (171) (198) (199) (239) (278) (318)

Low active
Active
Very active

1.95 BEE 70.3 81.8 95.0 95.1 114.1 133.1 152.1
(77) Sedentary (155) (180) (209) (209) (251) (293) (335)

Low active
Active
Very active

a For each year below 30, add 2.5 kcal/d to BEE and 7 kcal/d to TEE. For each year
above 30, subtract 2.5 kcal/d from BEE and 7 kcal/d from TEE. Equations determined
from combined DLW databases (Appendix Table I-11).
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Role of Decreased Food Intake with or Without Increased
Physical Activity

There are also four underfeeding studies that have examined changes
in TEE with negative energy balance achieved by a reduction in energy
intake. As shown in Table 5-31, the reduction in energy intake in these
studies ranged from 758 to 1,620 kcal/d and was associated with a reduc-
tion in TEE that averaged 36 percent of the reduction in energy intake. It
should be noted that there was a period of 3 to 52 weeks of underfeeding
between the measurements of TEE made during weight maintenance and
negative energy balance. Thus, some of the reduction in TEE was due to
reduced energy requirements associated with reduced body weight.

TEE (kcal/d) for a Body Mass Index (kg/m2)of:

18.5 22.5 24.99 25 30 35 40

1,398 1,490 1,596 1,586 1,725 1,865 2,004
2,015 2,106 2,211 2,239 2,416 2,593 2,769
2,239 2,341 2,459 2,529 2,731 2,932 3,133
2,519 2,634 2,769 2,799 3,023 3,247 3,472
2,855 2,987 3,141 3,172 3,428 3,684 3,940

1,448 1,545 1,657 1,645 1,792 1,940 2,087
2,083 2,179 2,290 2,322 2,509 2,695 2,882
2,315 2,422 2,548 2,624 2,836 3,049 3,262
2,605 2,727 2,869 2,904 3,141 3,378 3,615
2,954 3,093 3,255 3,292 3,562 3,833 4,103

1,499 1,601 1,719 1,706 1,861 2,016 2,171
2,151 2,253 2,371 2,406 2,603 2,800 2,996
2,392 2,505 2,637 2,720 2,944 3,168 3,393
2,693 2,821 2,971 3,011 3,261 3,511 3,760
3,053 3,200 3,371 3,414 3,699 3,984 4,270

1,550 1,657 1,782 1,767 1,931 2,094 2,258
2,221 2,328 2,452 2,492 2,699 2,906 3,113
2,470 2,589 2,729 2,817 3,053 3,290 3,526
2,781 2,917 3,074 3,119 3,383 3,646 3,909
3,154 3,309 3,489 3,538 3,838 4,139 4,439

b PAL = Physical activity level, BEE = basal energy expenditure.
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In multiple regression analyses using the DLW data of the studies in
Table 5-31, weight, age, and gender significantly predicted TEE, and the
b-coefficient for the weight term was 16.6 kcal/d. This implies that for
weight-stable individuals, differences in body weight of 1 kg are associated
with differences in TEE of 16.6 kcal/d. By correcting the changes in TEE
that can be attributed to the decrease in body size in the four underfeed-
ing studies described in Table 5-31, 8.4 percent of the reduction in TEE
was unaccounted for by weight loss and appears therefore to be associated
with a state of negative energy balance. This could be due to a reduction
in energy expenditure per kg body weight or to a decrease in physical
activity.

These values can be used to estimate the anticipated reduction in
metabolizable energy intake necessary to achieve a given level of weight
loss, if weight loss is achieved solely by a reduction in energy intake and
there is no change in energy expenditure for physical activity. For example,
a weight loss of 1 to 2 lb/wk (65 to 130 g/d) is equivalent to a body energy
loss of 468 to 936 kcal/d, because the energy content of weight loss aver-
ages 7.2 kcal/g (i.e., 75 percent fat containing 9.25 kcal/g and 25 percent
FFM containing 1 kcal/g) (Saltzman and Roberts, 1995). Taking into
account the decrease in TEE due to weight loss (16.6 kcal/kg) and due to
negative energy balance (8.4 percent of initial TEE), the total expected
reduction in TEE after 10 weeks of dieting is predicted to be 376 to
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FIGURE 5-9 Relationship between changes in fat-free mass and resting energy
expenditure during overfeeding and underfeeding. Reprinted, with permission,
from Saltzman and Roberts (1995). Copyright 1995 by International Life Sciences
Institute.
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542 kcal/d for an individual with an initial weight maintenance TEE of
2,500 kcal/d. Therefore, to maintain a rate of weight loss of 1 to 2 lb/wk,
the reduction in energy intake would need to be 844 (468 + 376) to
1,478 kcal/d (936 + 542) after 10 weeks of weight loss.

This calculation serves both to emphasize the importance of exercise
in helping prevent reduced TEE during weight loss, and to illustrate the
relatively high level of reduction in energy intake needed when weight loss
is to be achieved by dieting alone. It should be noted that the above calcu-
lations were based on TEE data derived from studies in adults in which
reduction in energy intake was in the range of 758 to 1,620 kcal/d. The
impact on energy expenditure of weight loss regimens involving lesser or
greater reductions in energy intake need to be assessed before rates of
weight reduction can be more precisely predicted. However, it must be
appreciated that reduction in resting rates of energy expenditure per kilo-
gram of body weight have a small impact on the prediction of energy
deficits imposed by food restriction, and the greatest cause of deviation
from projected rates of weight loss lies in the degree of compliance. The
coefficient of 16.6 kcal/kg of weight loss calculated from the data in
Table 5-31 could be utilized to anticipate the reduction in energy intake
required for maintaining lower body weights. Further studies in this area
are needed.

TABLE 5-31 Changes (∆) in Total Energy Expenditure (TEE)
During Underfeeding Studiesa

∆TEE ∆BEb ∆EIc

Reference (kcal/d) (kcal/d) (kcal/d) ∆TEE/∆EI  Coor∆TEE/∆EId

Heyman et al., 1992 –297 –461 –758 0.392 0.076
Kempen et al., 1995 –359 –765 –1,124 0.319 0.087
Racette et al., 1995 –349 –695 –1,044 0.334 0.079
van Gemert et al., –645 –975 –1,620 0.398 0.093

2000
Means 0.361 0.084

a Where all values are in kcal/d, ∆ describes changes in value between weight mainte-
nance and underfeeding.
b BE = body energy.
c EI = energy intake (calculated as ∆BE + ∆TEE).
d Corr∆TEE is change in total energy expenditure after subtracting the estimated
change in TEE due to weight loss in the underfeeding period prior to measurement of
TEE. This value indicates the change in TEE is due to negative energy balance rather
than weight loss. It was estimated as weight loss prior to the underfeeding TEE × 16.6,
where 16.6 is the weight coefficient in the relationship, TEE = constant + weight + age +
gender in the doubly labeled water data from these studies.
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Age (years) Age (years)

FIGURE 5-10 Comparison of body mass index (BMI) definitions of overweight
and obesity during childhood with percentiles for BMI (85th, 95th, 97th). Reprint-
ed, with permission, from Roberts and Dallal (2001). Copyright 2001 by Interna-
tional Life Sciences Institute.

Estimation of Energy Expenditure for Weight Maintenance in
Overweight Children Ages 3 Through 18 Years

While the Centers for Disease Control and Prevention (CDC) currently
defines childhood “risk of overweight” as greater than the 85th percentile
for BMI and “overweight” as greater than the 95th percentile of BMI, it
gives no definition for obesity in childhood. Several organizations,
however, define childhood obesity as a BMI above the 95th age-adjusted
percentile (Barlow and Dietz, 1998; Bellizzi and Dietz, 1999). An inter-
national standardized approach was also recently proposed, based on iden-
tifying the childhood BMI at different ages that would be equivalent to a
BMI of 25 kg/m2 (for overweight) or 30 kg/m2 (for obese) at age 18 years
(Cole et al., 2000). Using this approach, the cutoff for obesity would fall
near the 97th percentile of the current CDC growth charts (Figure 5-10).
For this report, the CDC definitions of risk of overweight and overweight
are accepted for children, namely BMI above the 95th percentile for over-
weight and above the 85th percentile for risk of overweight.
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Rapid weight loss is undesirable in children due to the risks of stunt-
ing and micronutrient deficiencies. In addition, children under 2 years of
age should not be placed on energy-restricted diets out of concern that
brain development may inadvertently be compromised by inadequate
dietary intake of fatty acids and micronutrients. A recent expert pediatric
committee recommended that weight maintenance be the goal for most
children over 2 years of age in the 85th to 95th percentiles for BMI (Barlow
and Dietz, 1998). In addition, the committee recommended that weight
loss be at a rate of 1 lb/mo for children over 7 years of age at or greater
than the 95th percentile BMI and for children between the 85th and 95th
percentiles who have comorbidities that would be anticipated to be
improved by weight loss.

Separate TEE predictive equations were developed from the DLW data
for 3- through 18-year-old overweight and obese boys and girls (Appendix
Table I-6) from age, height, weight, and PAL categories using nonlinear
regression techniques. In order to utilize all the TEE data, PAL categoriza-
tion was determined using predicted BEE rather than observed BEE, since
only 67 percent (85/127) of the boys and 64 percent (123/192) of the
girls and had observed BEEs. The following predictive equations for BEE
were derived from the observed BEEs provided in the DLW database (Ap-
pendix Table I-6).

For overweight and obese boys:
BEE (kcal/d) = 420 – 33.5 age (y) + 418.9 × height (m)

+ 16.7 weight (kg)
SE = 89.9, R2 = 0.88.

For overweight and obese girls:
BEE (kcal/d) = 516 – (26.8 × age [y]) + 347 height (m)

+ 12.4 weight (kg)
SE = 113.4, R2 = 0.79.

For normal-weight, overweight, and obese boys:
BEE (kcal/d) = 79 – 934.2 × age [y]) + 730 × height (m)

+ 15.3 weight (kg)
SE = 90.6, R2 = 0.89.

For normal-weight, overweight, and obese girls:
BEE (kcal/d) = 322 – 926.0 × age [y]) + 504 × height (m)

+ 11.6 weight (kg)
SE = 102.1, R2 = 0.80.
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Prediction equations of TEE for overweight and obese girls and boys
were developed using age, height, weight, and PAL category as predicted
from the above BEE equations. Data were not used in the derivation of the
TEE equations if the PAL value was less than 1.0 or greater than 2.5. In
addition, TEE predictive equations were developed combining normal-
weight, overweight, and obese children. The coefficients and SE for boys
and girls in the overweight and obese database (Appendix Table I-6) are
provided in Appendix Table I-12. Mean of the residuals did not differ
from zero, and the standard deviation of the residuals ranged from 74 to 213.
The coefficients and SE for boys and girls in the combined normal-weight,
overweight, and obese database are described in Appendix Table I-13. The
mean of the residuals did not differ from zero and the standard deviation
of the residuals ranged from 73 to 208.

The children’s predictive equations for TEE were subjected to statisti-
cal testing of their estimated coefficients and asymptotic standard devia-
tions using a chi-square distribution (Hotelling T-squared test). The spe-
cific equation for the overweight and obese boys was statistically different
from the equation derived solely from normal-weight boys (P > 0.032),
and tended to differ from the combined equation derived from normal,
overweight, and obese boys (P = 0.086). The specific equation for
the overweight and obese girls was statistically different from the equa-
tion derived solely from normal-weight girls (P > 0.001), but not from the
combined equation derived from normal, overweight, and obese girls (P
= 0.99). The equations for the normal-weight boys and girls differed from
the combined equation (P = 0.001).

Despite the suggestion of differences in the predictive equations for
the TEE of boys, and because of the larger sample size, reduced SEs of the
coefficients and increased stability, and consistency between the genders,
the prediction equations for TEE based on the combined database are recommended
for use in overweight and obese children for weight maintenance—they do not include
growth. (See Table I-13 for coefficients used in the equations.)

Weight Maintenance TEE in Overweight Boys Ages 3 Through 18 Years
TEE = 114 – (50.9 × age [y]) + PA × (19.5 × weight [kg]

+ 1161.4 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.12 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.24 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.45 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)



ENERGY 219

Weight Maintenance TEE in Overweight Girls Ages 3 Through 18 Years
TEE = 389 – (41.2 × age [y]) + PA × (15.0 × weight [kg]

+ 701.6 × height [m])

Where PA is the physical activity coefficient:
PA = 1.00 if PAL is estimated to be ≥ 1.0 < 1.4 (sedentary)
PA = 1.18 if PAL is estimated to be ≥ 1.4 < 1.6 (low active)
PA = 1.35 if PAL is estimated to be ≥ 1.6 < 1.9 (active)
PA = 1.60 if PAL is estimated to be ≥ 1.9 < 2.5 (very active)

As in adults, these TEE equations do not form the basis of EER values
since the weight of the group is considered high (when BMI is greater than
the 95th percentile) or at risk of being high (when BMI is greater than the
85th percentile). Nevertheless, TEE values are equivalent to EER values when
weight maintenance is the goal. It should be noted that EER values for en-
ergy in children of healthy weight also include an amount that will provide
sufficient energy for normal rates of growth. When weight maintenance is
the goal, as in most children between the 85th and 95th BMI percentiles, it is
assumed that linear growth and lean tissue growth can occur at a normal rate
when body weight gain is prevented, because over time body fat content
gradually decreases in parallel with the increase in FFM.

Weight Reduction in Overweight Children Ages 3 Through 18 Years

Weight reduction at a rate of 1 lb/m (15 g/d) is equivalent to a body
energy loss of 108 kcal/d (assuming the energy content of weight loss
averages 7.2 kcal/g [Saltzman and Roberts, 1995]), an amount that is small
enough to be achievable by either an increase in EEPA, a reduction in
energy intake, or a combination of both. There is currently no informa-
tion on changes in TEE with negative energy balance in children, and no
information even from adults on changes in TEE at low levels of negative
energy balance. Thus, the extent to which TEE falls when energy intake is
reduced with the intention of producing very slow weight loss in children
is not known. This lack of data makes it impossible to describe the rela-
tionship between change in energy intake and change in body energy for
children in whom weight loss is indicated. However, if the negative energy
balance is achieved by a reduction in energy intake alone, at least a
108 kcal/d decrease in energy intake (i.e., equivalent to the indicated loss
of body energy) would be necessary to result in a slow weight loss, and
perhaps more if a reduction in TEE occurs. Small reductions in energy
intake of the magnitude required to resolve childhood overweight gradu-
ally over time are within the potential for ad libitum changes induced by
improvements in dietary composition.
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Undernutrition

Undernutrition is still a frequent condition in many parts of the world,
particularly in children. When energy intake is unable to match energy
needs (due to insufficient dietary intake, excessive intestinal losses, or a
combination thereof) several mechanisms of adaptation come into play
(see earlier section, “Adaptation and Accommodation”). Reduction in vol-
untary physical activity is a rapid means of reducing energy needs to match
limited energy input. In children, reduction in growth rates is another
important mechanism of accommodation to energy deficit. Under condi-
tions of persistent energy deficit, the low growth rate will result in short
stature and low weight-for-age, a condition termed stunting.

A chronic energy deficit elicits mobilization of energy reserves, pro-
gressively depleting its main source: adipose tissue. Thus, an energy deficit
of certain duration is associated with changes in body weight and body
composition. As body weights decrease, so do energy requirements,
although energy turnover may be higher when expressed per kg of body
weight due to a predominant loss of fat tissue relative to lean tissue. In
healthy, normal-weight individuals who face a sustained energy deficit,
several hormonal mechanisms come into play, including a reduction in
insulin release by the pancreas, a reduction in the active thyroid hormone
T3, and a decrease in adrenergic tone. These steps are aimed at reducing
cellular energy demands by reducing the rates of key energy-consuming
metabolic processes. However, there is less evidence that similar mecha-
nisms are available to individuals who already have a chronic energy deficit
when they are faced with further reductions in energy input (Shetty et al.,
1994).

The effects of chronic undernutrition in children include decreased
school performance, delayed bone age, and increased susceptibility to
infections. In adults, an abnormally low BMI is associated with decreased
work capacity and limited voluntary physical activity.

Additional Energy Requirements to Restore Normal Weight

In an adult with a low BMI (less than 18.5 kg/m2), the additional
energy intake required to normalize body weight will depend on the initial
deficit and the desired rate of recovery. Although estimates of energy needs
can be made based on the initial deficit, body weight gain will include not
only energy stored as fat tissue, but also some amount in the form of
skeletal muscle and even visceral tissues. Thus, as recovery of body weight
proceeds, the energy requirement will vary not only as a function of body
weight but in response to changes in body composition.
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Catch-up Growth in Children. The energy needs for catch-up growth for
children can be estimated from the energy cost of tissue deposition. The
average energy cost of tissue synthesis and deposition was estimated at
5 kcal/g of tissue deposited (FAO/WHO/UNU, 1985). Based on experi-
mental data from DLW studies in infants, Butte and colleagues (1989)
estimated this cost as 4.8 kcal/g. Median weight for height has been used
in the past as a target for recovery. Using BMI, the 50th BMI percentile for
age may be considered as a target. However, in practical terms, the target
for recovery depends on the initial deficit and the conditions of nutri-
tional treatment: clinical unit or community. Under the controlled condi-
tions of a clinical setting, undernourished children can exhibit rates of
growth of 10 to 15 g/kg body weight/d (Fjeld et al., 1989), which are ten-
fold higher than normal rates of weight gain at 1 year of age. Under less
controlled conditions (e.g., community-dwelling children), the rates of
growth are likely to be much lower. The 1985 FAO/WHO/UNU report
estimated these rates as twice the normal rate (FAO/WHO/UNU, 1985).
Undoubtedly, this figure would be highly dependent on the magnitude
and effectiveness of the nutritional intervention.

Dewey and coworkers (1996) estimated the energy needs for recovery
growth for children with moderate or severe wasting, assuming that the
latter would require a higher proportion of energy relative to protein.
These estimates are presented in Table 5-32.

Catch-up Grown Following Stunting. The above estimates apply to chil-
dren with a weight deficit relative to height. If a child is stunted, however,
weight may be adequate for height, and unless an increased energy intake
elicits both gains in height and in weight, the child may become over-
weight without correcting his or her height. In fact, this phenomenon is
increasingly documented in urban settings of developing countries. It is a
matter of debate whether significant catch-up gains in longitudinal growth
are possible beyond about 3 years of age. Clearly, height gain is far more
regulated than weight, which is primarily influenced by substrate availability
and energy balance. Furthermore, longitudinal growth may also be depen-
dent on the availability of other dietary constituents, such as zinc (Gibson
et al., 1989; Walravens et al., 1983).

Athletes

With minor exceptions, dietary recommendations for athletes are not
distinguished from the general population. As described in Chapter 12,
the amount of dietary energy from the recommended nutrient mix should
be adjusted to achieve or maintain optimal body weight for competitive
athletes and others engaged in similarly demanding physical activities. As
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TABLE 5-32 Energy Needs for Catch-up Growth at Different
Rates of Weight Gain

Normal Composition of High Rate of
Weight Gainb Fat Depositionc

EEd = 80 EE = 90 EE = 80 EE = 90

Rate of Gaina Energye Energye Energye Energye

(g/kg/d) (kcal/kg/d) (kcal/kg/d) (kcal/kg/d) (kcal/kg/d)

1 83 93 86 96
2 87 97 92 102
5 97 107 110 120

10 113 123 140 150
20 146 156 200 210

a In normal children, average rates of weight gain are about 1.3 g/kg/d at 6–12 months,
0.8 g/kg/d at 12–18 months, and 0.5 g/kg/d at 18–24 months.
b 17 percent protein, 9 percent fat; assume energy cost of growth = 3.3 kcal/g (based on
5.65 kcal/g protein and 9.25 kcal/g fat, with efficiencies of synthesis of 42 percent and
85 percent, respectively [Roberts and Young, 1988: 0.17 g protein × 5.65 kcal/g/0.42 =
2.3 kcal; 0.09 g fat × 9.25 kcal/g/0.85 = 1.0 kcal]); protein needs for growth = protein
need/efficiency = 0.17/0.7 = 0.24 g/kg/d.
c 10 percent protein, 43 percent fat; assume energy cost of growth = 6.0 kcal/g (based
on 5.65 kcal/g protein and 9.25 kcal/g fat, with efficiencies of synthesis of 42 percent
and 85 percent, respectively [Roberts and Young, 1988: 0.10 g protein × 5.65 kcal/g/
0.42 = 1.3 kcal; 0.43 g fat × 9.25 kcal/g/0.85 = 4.7 kcal]); protein needs for growth =
protein need/efficiency = 0.10/0.7 = 0.14 g/kg/d.
d EE = energy expenditure for maintenance and activity expressed as kcal/kg/d.  As
described by Dewey and colleagues (1996), the lower value is similar to average energy
expenditure of preschool children and to energy expenditure for maintenance and
activity of recovering malnourished children in Peru.  The higher value is typical of
normal infants at 9–12 months of age, but may be higher than would be expected of
malnourished children if they are less active.
e Metabolizable energy intake.
SOURCE: Adapted from Dewey et al. (1996).

in the general population, the need to balance energy intake and expendi-
ture over a wide range of body sizes, body compositions, and forms of
exercise means that athletes will, in fact, require vastly different meal sizes
and frequencies (e.g., female gymnasts compared to male American foot-
ball linemen). While some athletes may be able to sustain extremely high
power outputs over days or even weeks (such as in the Tour de France
bicycle race), such endeavors are episodic and cannot be sustained indefi-
nitely. Further, the recommendation for athletes to select foods in accor-
dance with the same dietary guidelines as the general population is intended
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to teach sound dietary practices to men and women whose lifestyles will
become more typical when their athletic careers diminish.

Despite the difference in scope of energy flux associated with partici-
pation in sports and extremely demanding physical activities such as mara-
thon running and military operations, several advantages are associated
with different forms of exercise. For example, resistance exercise promotes
muscle hypertrophy and changes in body composition by increasing the
ratio of muscle to total body mass (Brooks et al., 2000). Hence, the height-
weight values given in Tables 5-4 and 5-5 are of little relevance to lean, but
highly muscular individuals such as speed/power athletes who, because of
muscle hypertrophy, will have BMIs in excess of 25 kg/m2. Athletes need-
ing to increase strength will necessarily employ resistance exercises while
ensuring that dietary energy is sufficient to increase muscle mass. Total
body mass may increase, remain the same, or decrease depending on
energy balance. Athletes needing to decrease body mass to obtain bio-
mechanical advantages will necessarily increase total exercise energy out-
put, reduce energy input, or use a combination of the two approaches. As
distinct from weight loss by diet alone, having a major exercise component
will serve to preserve lean body mass even in the face of negative energy
balance.

ADVERSE EFFECTS OF OVERCONSUMPTION OF ENERGY

Hazard Identification

Adverse Effects

Adaptation to High Levels of Energy Intake. The ability of healthy indi-
viduals to compensate for increases in energy intake by increasing energy
expenditure (either for physical activity or resting metabolism) depends
on physiological and behavioral factors. When individuals are given a diet
providing a fixed (but limited) amount of energy in excess of the require-
ments to maintain body weight, they will initially gain weight. However,
over a period of several weeks, their energy expenditure will increase,
mostly (Durnin, 1990; Ravussin et al., 1991), but perhaps not entirely
(Leibel et al., 1995), on account of their increased body size, so that body
weight eventually will stabilize at a higher level. A reduction of energy
intake will produce the opposite effect. Some reports indicate that the
magnitude of the reduction in energy expenditure when energy intake is
reduced is greater than the corresponding increase in energy expenditure
when energy intake is increased (Saltzman and Roberts, 1995). Neverthe-
less, weight changes invariably occur under conditions of increased and
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decreased energy intake. It is likely that for most individuals the principal
mechanism for maintaining body weight is by controlling food intake
rather than physical activity (Jequier and Tappy, 1999).

Body Weight Gain and Chronic Disease. Weight gain that causes body
mass index (BMI) to reach and exceed 25 kg/m2 is associated with an
increased risk of premature mortality (NHLBI/NIDDK, 1998). As shown
in Tables 5-33 through 5-38, cohort studies have shown that morbidity risk
for type 2 diabetes, hypertension, coronary heart disease, stroke, gall-
bladder disease, osteoarthritis, and some types of cancer also increases
with increasing BMI of 25 kg/m2 and higher.

Some data from large cohort studies suggest that disease risk begins to
increase at BMI levels lower than those associated with increased risk of
mortality (Manson et al., 1990). Thus, some investigators have recom-
mended that individuals should aim at having a BMI of 22 kg/m2 at the
end of adolescence (NHLBI/NIDDK, 1998). This level would also provide
some margin for weight gain in mid-life without surpassing the 25 kg/m2

threshold.
For these reasons, energy intakes associated with adverse risk are

defined as those that cause weight gain for individuals with a body weight
within the healthy range (BMI from 18.5 up to 25 kg/m2) and overweight
individuals (BMI from 25 up to 30 kg/m2). In the case of obese individuals
who need to lose weight to improve their health, energy intakes that cause
adverse risk are those that are higher than those needed to lose weight
without causing negative health consequences.

Summary

Because of the direct impact of deviations from energy balance on
body weight and of changes in body weight, body-weight data represent
critical indicators of the adequacy of energy intake. Energy requirements
are defined as the amounts of energy that need to be consumed by indi-
viduals to sustain stable body weights in the range desired for good health
(BMI from 18.5 up to 25 kg/m2) while maintaining lifestyles that include
adequate levels of physical activity to maintain social, cultural, and economic
activity. Since any energy intake above the Estimated Energy Requirement
(EER) would be expected to result in weight gain and a likely increased
risk of morbidity, the Tolerable Upper Intake Levels are not applicable to
energy. If weight gain was identified as the hazard, the lowest-observed-
adverse-effect level (LOAEL) would be any intake above the EER for adults.
The uncertainty factor would be one as there is no uncertainty in the fact
that overconsumption of energy leads to weight gain.
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Intake Assessment

Based on distribution data from the 1994–1996, 1998 Continuing
Survey of Food Intakes by Individuals, the highest mean intake of energy
from diet for any gender and life stage group was estimated to be about
2,840 kcal/d (Appendix Table E-1), the intake of boys ages 14 through
18 years. Men 19 through 30 years of age had the highest reported energy
intake with the 99th percentile of intake at 5,378 kcal/d.

RESEARCH RECOMMENDATIONS

• The number of available doubly labeled water studies for the deter-
mination of total energy expenditure (TEE) in certain age and gender
categories is limited and should be expanded. This is particularly true for
young children 3 to 5 years of age, adolescent boys, and adult men and
women 40 through 60 years of age.

• Development of reliable methods to track dietary energy intakes in
population groups is needed.

• Identification of biological markers of risk of excess weight gain in
children and young adults is needed.

• Methods suitable for free-living population-based studies or appli-
cations should be developed to measure physical activity levels in order to
classify children and adults into sedentary, low active, active, and very active
levels of physical activity.

• More studies are necessary to determine whether and which dietary
composition patterns facilitate permanent weight loss in adults and children.

• Development of practical, accurate means to assess body composi-
tion in populations is needed.

• Physical activity patterns consistent with normal health and devel-
opment of children should be described that are applicable across age,
gender, and ethnic backgrounds.

• Factors affecting the energy intake required to satisfy nutrient
requirements should be explored, including diet digestibility, viscosity, and
energy and nutrient density.

• Factors affecting the changes in TEE during pregnancy, as well as
equations to predict the basal metabolic rate throughout pregnancy, are
needed to better predict the energy requirements of nonobese, overweight,
and obese pregnant women.

• More information is needed on the energy requirements of over-
weight and obese adults and children. It would be desirable for this addi-
tional TEE information to be collected in studies that also document
physical activity patterns, so that the relationship between activity and TEE
can be further evaluated.
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TABLE 5-33 Body Mass Index (BMI) and Risk of
Noninsulin-Dependent Diabetes Mellitus

Length of
Reference Country Study Population Follow-Up

Westlund and Sweden 3,751 men, 40–49 y 10 y
Nicolaysen, 1972

Medalie et al., 1974 Israel 10,059 men, 40+ y 5 y

Ohlson et al., 1985 Sweden 792 men, 54 y 13.5 y

Despres et al., 1989 Canada 52 premenopausal Not
obese women applicable

Lundgren et al., 1989 Sweden 1,462 women, 38–60 y 12 y

Colditz et al., 1990 United States 113,861 women, 8 y
30–55 y

Haffner et al., 1991 United States 254 men and 8 y
366 women
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Obesity Index Outcomea

Weight-height relationship Incidence of diabetes (%)
Normal ± 10% 0.6
10–15% overweight 1.8
15–25% overweight 2.5
25–35% overweight 3.7
35–45% overweight 7.1
> 45% overweight 12.6

Weight/height index (kg/cm) Incidence rate of diabetes
0.24–0.39 26/1,000
0.40–0.45 39/1,000
0.46–0.69 57/1,000

BMI, waist-to-hip ratio Risk of development of diabetes was
significantly associated with BMI (p = 0.0003)
and waist-to-hip ratio (p < 0.0001)

BMI, body fat mass BMI and body fat mass were significantly
associated with plasma glucose and insulin

BMI Significant correlation between initial BMI and
incidence of diabetes during follow-up
(p < 0.001)

BMI (kg/m2) Proportional hazards RR for diabetes (95% CI)
< 22 1.0
22–22.9 2.1 (1.4–3.3)
23–23.9 3.5 (2.3–5.1)
24–24.9 2.9 (1.9–4.5)
25–26.9 5.2 (3.7–7.5)
27–28.9 9.6 (6.8–13.6)
29–30.9 19.0 (13.6–26.4)
31–32.9 28.0 (19.9–39.4)
33–34.9 38.5 (27.0–54.9)
≥ 35 58.2 (42.4–79.9)

OR for diabetes (95% CI)
BMI (kg/m2) Men Women
< 24.6 1.00 1.00
24.6–28.2 1.33 (0.25–7.27) 1.38 (0.32–6.08)
> 28.2 2.51 (0.49–12.6) 3.70 (1.03–13.3)

continued
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TABLE 5-33 Continued

Length of
Reference Country Study Population Follow-Up

Chan et al., 1994 United States 27,983 men, 40–75 y 5 y

Ford et al., 1997 United States 8,545 adults 10 y

a RR = relative risk, CI = confidence interval, OR = odds ratio, CVD = cardiovascular
disease.
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Obesity Index Outcomea

BMI (kg/m2) RR for diabetes (95% CI)
< 23 1.0
23–23.9 1.0 (0.5–2.0)
24–24.9 1.5 (0.8–2.9)
25–26.9 2.2 (1.3–3.8)
27–28.9 4.4 (2.6–7.7)
29–30.9 6.7 (3.8–12.0)
31–32.9 11.6 (6.3–21.5)
33–34.9 21.3 (11.4–41.2)
≥ 35 42.1 (22.0–80.6)

Weight gain since age 21 RR for diabetes (95% CI)
0–2 kg 1.0
3–5 kg 0.9 (0.5–1.8)
6–7 kg 1.9 (1.0–3.7)
8–9 kg 3.5 (2.0–6.3)
10–14 kg 3.4 (2.0–5.8)
15+ kg 8.9 (5.5–14.7)

BMI at baseline (kg/m2) Hazard ratio for diabetes (95% CI)
< 22 1.00
22–22.9 1.16 (0.48–2.82)
23–23.9 2.39 (1.30–4.40)
24–24.9 2.82 (1.45–5.50)
25–26.9 2.75 (1.55–4.91)
27–28.9 4.63 (2.69–7.96)
29–30.9 4.88 (2.77–8.59)
31–32.9 6.96 (3.79–12.81)
33–34.9 9.28 (4.60–18.72)
≥ 35 11.24 (6.66–18.96)

Weight gain since baseline Hazard ratio for diabetes (95% CI)
< 5 kg 1.00
5 to < 8 kg 2.11 (1.40–3.18)
8 to < 11 kg 1.19 (0.75–1.89)
11 to < 20 kg 2.66 (1.84–3.85)
≥ 20 kg 3.84 (2.04–7.22)

NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.
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TABLE 5-34 Body Mass Index (BMI) and Risk of Hypertension
 and Stroke

Length of
Reference Country Study Population Follow-Up

Hypertension
Ballantyne et al., UK 637 men and 835 women, Not

1978 mean 45–49 y applicable

Brennan et al., Australia 600 men and 400 women, Not
1980 20–49 y applicable

Criqui et al., 1982 United States 2,482 men and 2,298 Not
women, 20+ y applicable

MacMahon et al., Australia 5,550 men and women, Not
1984 25–64 y applicable

Brown et al., 2000 United States 16,681 adults, 20+ y Not
applicable

Stroke
Walker et al., 1996 United States 28,643 men, 40–75 y 5 y

Rexrode et al., United States 116,759 women, 30–55 y 16 y
1997

a RR = relative risk, OR = odds ratio.
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Obesity Index Outcomea

Ponderal Index Ponderal index was significantly associated with
(height/weight1/3) blood pressure only in hypertensive, male

nonsmokers

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

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

BMI in men (kg/m2) RR for hypertension (95% CI)
19.5–25.4 1.00
25.5–30.4 1.72 (1.44–2.05)
≥ 30.5 2.47 (1.83–3.34)

BMI in women (kg/m2) RR for hypertension (95% CI)
18.5–24.4 1.00
24.5–30.4 2.09 (1.72–2.55)
≥ 30.5 2.96 (2.14–4.10)

OR for high blood pressure
BMI (kg/m2) Men Women
< 25 1.0 1.0
25 to <27 2.4 1.7
27 to <30 3.1 2.3
≥ 30 8.7 9.7

BMI (kg/m2) RR for stroke (95% CI)
< 23 1.00
23.1–24.4 0.61 (0.32–1.16)
24.5–25.8 1.00 (0.57–1.75)
25.9–27.6 1.16 (0.67–2.02)
≥ 27.7 1.25 (0.72–2.19)

BMI (kg/m2) RR for ischemic stroke (95% CI)
< 21 1.00
21 to <23 1.01 (0.70–1.45)
23 to <25 1.20 (0.83–1.71)
25 to <27 1.15 (0.78–1.70)
27 to <29 1.75 (1.17–2.59)
29 to <32 1.90 (1.28–2.82)
≥ 32 2.37 (1.60–3.50)

NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/
hazard risk/odds ratio estimates were used in this table whenever possible.



232 DIETARY REFERENCE INTAKES

TABLE 5-35 Body Mass Index (BMI) and Risk of Coronary
Heart Disease

Length of
Reference Country Study Population Follow-Up

Hubert et al., 1983 United States 2,252 men and 2,818 26 y
women, 28–62 y

Willett et al., 1995 United States 115,818 women, 30–55 y 14 y

Rexrode et al., 2001 United States 16,164 men, 40–84 y 9 y

a RR = relative risk, CI = confidence interval.
NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.
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Obesity Index Outcomea

Metropolitan relative weight MRW predicted incidence of coronary disease,
(MRW) at baseline (% coronary death, and congestive heart failure
of desirable weight) in men

In women, MRW was positively associated with
coronary disease, stroke, congestive failure,
and coronary and cardiovascular disease death

BMI at baseline (kg/m2) RR for coronary heart disease (95% CI)
< 21 1.00
21–22.9 1.19 (0.98–1.44)
23–24.9 1.46 (1.20–1.77)
25–28.9 2.06 (1.72–2.48)
≥ 29 3.56 (2.96–4.29)

Weight Gain from age 18 RR for coronary heart disease (95% CI)
< 5 kg 1.00
5–7.9 kg 1.25 (1.01–1.55)
8–10.9 kg 1.65 (1.33–2.05)
11–19 kg 1.92 (1.61–2.29)
≥ 20 kg 2.65 (2.17–3.22)

BMI (kg/m2) RR for coronary heart disease (95% CI)
< 22.8 1.00
22.8 to < 24.3 1.33 (0.99–1.79)
24.3 to < 25.7 1.28 (0.95–1.73)
25.7 to < 27.6 1.74 (1.31–2.30)
≥ 27.6 1.89 (1.43–2.51)
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TABLE 5-36 Body Mass Index (BMI) and Risk of Gallbladder Disease

Length of
Reference Country Study Population Follow-Up

Kato et al., 1992 United States 7,831 men, 45+ y 22 y

Stampfer et al., 1992 United States 90,302 women, 34–59 y 8 y

Sahi et al., 1998 United States 16,785 men, 15–24 y 61 y

a RR = relative risk, CI = confidence interval.
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NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.

Obesity Index Outcomea

BMI (kg/m2) RR for gallbladder disease (95% CI)
< 21.65 1.0
21.65–23.79 1.1 (0.9–1.5)
23.80–25.80 1.4 (1.1–1.9)
> 25.80 1.8 (1.4–2.3)

RR for cholecystectomy or unremoved
BMI (kg/m2) gallstones (95% CI)
< 24 1.00
24 to <25 1.36 (1.16–1.60)
25 to <26 1.60 (1.36–1.88)
26 to <27 1.92 (1.60–2.30)
27 to <29 2.32 (2.02–2.66)
29 to <30 2.63 (2.16–3.19)
30 to <35 3.52 (3.11–3.98)
35 to <40 4.64 (3.86–5.57)
40 to <45 5.42 (4.01–7.34)
45+ 6.99 (4.48–10.90)

BMI at baseline (kg/m2) Rate ratio for gallbladder disease
< 20.0 1.00
20.0–21.9 1.05
22.0–23.9 1.12
≥ 24.0 1.43

BMI change from baseline (kg/m2) Rate ratio for gallbladder disease
≤ 0.9 1.00
1.0–2.9 1.01
3.0–5.9 1.74
≥ 6.0 2.16
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TABLE 5-37 Body Mass Index (BMI) and Risk of Osteoarthritis

Length of
Reference Country Study Population Follow-Up

Felson et al., 1988 United States 1,420 adults, 63–94 ~ 36 y
at follow-up

Hart and Spector, United 985 women, 45–64 y Not
1993 Kingdom applicable

Carman et al., 1994 United States 588 men and 688 23 y
women, 50–74 y
at follow-up

Hochberg et al., 1995 United States 465 men and 275 Not
women, 40+ y applicable

Cicuttini et al., 1996 United 658 women, Not
Kingdom twins, 48–69 y applicable

a OR = odds ratio.



ENERGY 237

NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.

Obesity Index Outcomea

Metropolitan relative weight at Cumulative incidence rate of knee
baseline osteoarthritis (n/n [%])

Men Women Men Women
< 105 < 100 34/110 (30.9) 28/155 (18.1)
105–112 100–108 26/113 (23.0) 42/173 (24.3)
113–120 109–116 38/128 (29.7) 58/170 (34.1)
121–128 117–127 31/112 (27.7) 60/157 (38.2)
≥ 129 ≥ 128 53/126 (42.1) 98/176 (55.7)

BMI (kg/m2) OR for osteoarthritis of the knee (95% CI)
< 23.4 1.00
23.4–26.4 2.86 (1.44–5.68)
> 26.4 6.17 (3.26–11.71)

Relative weight index at Incidence rate for osteoarthritis of
baseline (% of ideal weight) the hand and wrist

< 100 70.0/100
100–109 74.1/100
110–119 80.7/100
120–129 83.7/100
≥ 130 88.9/100

OR for osteoarthritis of the knee (95% CI)
BMI Men Women
Tertile 1 1.00 1.00
Tertile 2 0.94 (0.52–1.70) 2.03 (0.89–4.66)
Tertile 3 2.40 (1.32–4.35) 4.34 (1.89–9.98)

BMI OR for developing a radiological feature of
osteoarthritis per unit of BMI ranged from
1.07 (0.91–1.25) to 1.63 (1.09–2.44) for
all twins
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TABLE 5-38 Body Mass Index (BMI) and Risk of Cancer

Length of
Reference Country Study Population Follow-Up

Helmrich et al., United States, 1,185 women breast cancer ~ 3 y
1983 Canada, cases, median 52 y

Israel 3,227 women controls,
median 47 y

Rosenberg et al., Canada 607 women breast cancer 4 yr
1990 cases, < 70 y

1,214 women controls

Chu et al., 1991 United States 4,323 cases and Not
4,358 controls, applicable
women, 20–54 y

Giovannucci et al., United States 47,723 men, 40–75 y 6 y
1995

Giovannucci et al., United States 13,057 women, 40–65 y 6 y
1996

Huang et al., 1997 United States 95,256 women, 30–55 y 16 y

a RR = relative risk, CI = confidence interval.
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NOTE: BMI = kg/m2 unless noted otherwise. Multivariate-adjusted relative risk/hazard
risk/odds ratio estimates were used in this table whenever possible.

Obesity Index Outcomea

RR for breast cancer in postmenopausal women
BMI (kg/m2) (95% CI)
< 21 1.0
21–24 1.5 (1.1–1.9)
25–27 1.6 (1.2–2.1)
≥ 28 1.3 (1.0–1.8)

RR for breast cancer (95% CI)
BMI (kg/m2) Premenopausal Postmenopausal
< 21 1.0 1.0
21–25 0.9 (0.7–1.3) 0.8 (0.5–1.1)
≥ 26 0.8 (0.5–1.2) 1.2 (0.8–1.7)

RR for breast cancer in menopausal
BMI (kg/m2) women (95% CI)
< 20.0 1.0
20.0–21.99 1.1 (0.7–1.5)
22.0–24.89 1.5 (1.0–2.2)
24.9–27.29 2.2 (1.4–3.5)
27.3–32.29 1.8 (1.1–2.8)
≥ 32.3 2.7 (1.5–5.4)

BMI (kg/m2) RR for colon cancer (95% CI)
< 22 1.0
22–24.9 0.87 (0.54–1.39)
25–26.9 1.31 (0.85–2.02)
27–28.9 1.48 (0.89–2.56)
≥ 29 1.48 (0.89–2.46)

BMI (kg/m2) RR for distal colon adenomas (95% CI)
< 21 1.00
21–22 0.82 (0.59–1.15)
23–24 1.18 (0.85–1.63)
25–28 1.03 (0.72–1.47)
≥ 29 1.50 (1.02–2.21)

RR for breast cancer in postmenopausal women
Weight gain from age 18 (95% CI)
≤ 2.0 kg 1.00
2.1–5.0 kg 1.20 (0.96–1.51)
5.1–10.0 kg 1.18 (0.96–1.45)
10.1–20.0 kg 1.20 (0.98–1.47)
20.1–25.0 kg 1.40 (1.10–1.78)
> 25.0 kg 1.41 (1.12–1.78)
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• Additional research is needed on the extent to which energy expen-
diture changes when a hypocaloric diet is consumed, and whether dietary
composition affects the extent of change in energy expenditure.

• Independent of energy, identification of dietary components, if any,
that could favorably affect body composition is needed.
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