
ABSTRACT
Background: Previous research suggested that nutritionally
stunted children may have increased risk of obesity, but little is
known about potential underlying mechanisms.
Objective: We sought to test the hypothesis that stunted children
have a low metabolic rate and impaired fat oxidation relative to
nonstunted children.
Design: The subjects were 58 prepubertal boys and girls aged
8–11 y from the shantytowns of São Paulo, Brazil. Twenty-eight
were stunted (height-for-age z score < �1.5) and 30 had similar
weight-for-height but normal height (height-for-age z score
> �1.5). Parents of children in the 2 groups had equivalent
height and body mass index values. Fasting and postprandial
energy expenditure, respiratory quotient (RQ), and substrate oxi-
dation were measured with indirect calorimetry in a 3-d resident
study in which all food was provided and body composition was
measured with dual-energy X-ray absorptiometry.
Results: Stunted children had normal resting energy expenditure
relative to body composition compared with control children
(4559 ± 90 and 4755 ± 86 kJ/d, respectively; P = 0.14) and had
normal postprandial thermogenesis (2.4 ± 0.3% and 2.0 ± 0.3%
of meal load, respectively; P = 0.42). However, fasting RQ was
significantly higher in the stunted group (0.92 ± 0.009 compared
with 0.89 ± 0.007; P = 0.04) and consequently, fasting fat oxida-
tion was significantly lower (25 ± 2% compared with 34 ± 2% of
energy expenditure; P < 0.01).
Conclusions: Childhood nutritional stunting is associated with
impaired fat oxidation, a factor that predicted obesity in other at-
risk populations. This finding may help explain recent increases
in body fatness and the prevalence of obesity among stunted
adults and adolescents in developing countries. Am J Clin
Nutr 2000;72:702–7.
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INTRODUCTION

The prevalence of obesity is increasing worldwide, even in
developing countries that have traditionally experienced high
rates of undernutrition (1, 2). Countries in economic transition
from undeveloped to developed, such as China, Brazil, and

South Africa, are particularly affected and have an increasing
prevalence of obesity across all economic levels and age groups
(3). Traditional explanations for these observations include
reduced physical activity and consumption of high-fat diets.
However, there is still no consensus about the importance of
these factors, even for individuals in developed countries (4–9).

Research has suggested that undernutrition in early life may
play a role in promoting adult obesity. In particular, studies on
3 continents showed that nutritional stunting, which is usually
caused by chronic undernutrition (10), is positively associated
with adult fatness (11–14). In addition, we previously observed
an association between excess weight gain and dietary fat content
in stunted Brazilian children but not in nonstunted control chil-
dren (14). This is suggestive of an increase in the efficiency of
dietary fat utilization that could lead to increased body fat content
over time. Consistent with these observations, permanent effects
of early diet on long-term energy regulation have been observed
in both rodents and nonhuman primates (15–21). However,
researchers still need to identify the underlying mechanisms by
which early nutritional stunting may lead to an increased risk of
obesity, both to provide a rational basis for understanding the
observed effects and to rule out the possibility that unrecognized
confounding factors influenced the results obtained.

The general concept that early-life stimuli may have perma-
nent effects on metabolism and development was first shown con-
clusively by Hubel and Wiesel (22), who observed a critical
period in the early development of cats during which deprivation
of visual stimuli resulted in permanent loss of sight. The concept
of critical periods is consistent with the literature on childhood
nutrition, which shows a generalized programming effect of early
diet on metabolism, growth, and cognition (23–25). The mechanisms
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by which early nutrition exerts long-term programming effects in
humans are not known, but proposed mechanisms include func-
tional alterations in growth processes, gene expression, cell number,
and clonal selection within organs and tissues (24, 26, 27).

The purpose of this study was to test the hypothesis that nutri-
tional stunting is associated with impaired fat oxidation, a factor
previously shown to strongly predict body fat gain in other pop-
ulations at risk of obesity, including Pima Indians (28), weight-
reduced obese women (29–31), and middle-aged men (32). We
also examined the possibility that stunted children might have
low resting metabolic rate, a factor that predicted subsequent
body fat gain in some (33–35), but not all (36, 37), prospective
studies of high-risk populations.

SUBJECTS AND METHODS

Subjects

Children were identified as potential subjects during popula-
tion surveys of 3 shantytowns in the city of São Paulo, Brazil.
More than 300 children aged 7–11 y were weighed and measured
and were found to be potentially eligible to participate on the
basis of anthropometric criteria. All subjects had to have a normal
weight-for-height z score (WHZ of �2.0 to 1.5) according to the
National Center for Health Statistics (NCHS) standards (38).
Children recruited for the stunted group (n = 28) had to have a
height-for-age z score (HAZ) <�1.5, and children recruited for
the control group (n = 30) had to have an HAZ > �1.5. Note that
well-nourished Brazilian children grow adequately relative to
NCHS standards in terms of both weight and height (39) and that
low HAZ is widely believed to be a result of chronic, moderate
undernutrition (10). In addition, the 2 groups were matched for
age and WHZ. The characteristics of the study children and their
parents are shown in Table 1. Although it was not possible to
match stunted and control children for parental height and
weight, these values were measured in all families in which the
biological parents lived with the children; there were no signifi-
cant differences between the groups (Table 1).

Subjects who appeared to be eligible for the study on the basis
of weight and height and who were willing to participate were

given a screening examination. This included a medical history,
physical examination, evaluation of Tanner stage (40), blood col-
lection for glucose and iron concentrations, and fecal and urine
screening for acute infections. Children were excluded from the
study if they were taking any medication, if their Tanner stage
for ≥1 criterion was > 1, or if we identified any past medical
problems that might influence current health status or metabolic
condition (such as hyperthyroidism or chronic anemia). Any
child who had an acute health problem, such as an acute intesti-
nal or urinary infection, was treated according to the usual pro-
cedures of the São Paulo Hospital and began the study only after
successful completion of treatment.

Ethical approval for the study was obtained from the Federal
University of São Paulo Hospital and the Human Investigation
Review Committee at the New England Medical Center, Tufts
University. Written informed consent was obtained from both the
subjects and their parents before the study began.

Study protocol

The children were admitted to the metabolic research unit of
the Center for Nutritional Recovery and Education at the Federal
University of São Paulo at 0700 on study day 1 and were
returned to their homes at 2100 on day 3. They were admitted in
groups of 4; 2 stunted children and 2 control children were
admitted together when possible. Continuous daytime supervi-
sion was provided by investigator DJH and 2 assistants and
nighttime supervision was provided by a nurse. Throughout the
3 d, subjects consumed only food and drinks prepared by the
research center and refrained from vigorous physical activities.

Resting energy expenditure (REE) was measured in the fasted
state 12 h after the evening meal on all 3 mornings (one 30-min
measurement and two 15-min measurements) under thermoneu-
tral conditions by indirect calorimetry with a DeltaTrac meta-
bolic monitor (SensorMedics, Yorba Linda, CA). Subjects were
instructed to relax and avoid hyperventilation, fidgeting, and
sleeping during the measurements and were allowed to watch
taped movies if they so desired. The calorimeter was calibrated
with a standard gas mixture (96% O2 and 4% CO2) before each
measurement and alcohol burn tests were conducted every 2 wk to
ensure the accuracy of the calorimeter. Values for REE were deter-
mined by using the mean volumes of oxygen consumed ( ·

VO2) and
carbon dioxide produced ( ·

VCO2) for each measurement (41).
The thermic effect of feeding (TEF) was measured over a 3-h

period on either day 2 or day 3 after the measurement of REE.
For the TEF measurement, subjects consumed a standard break-
fast (bread with margarine and chocolate milk) that supplied
42 kJ (10 kcal) per kg body wt. All the children received the
same proportions of the different foods. The children were
instructed to consume their meal within 5 min and the measure-
ment began 15 min later. Energy expenditure was measured for
15 min of every one-half hour during the measurement period.
Urine was collected during a 24-h period that included the TEF
measurements. Urine was analyzed for nitrogen excretion by
using a modification of the Kjeldahl technique that involved
microwave digestion of the samples (Kjelfast; CEM, Matthews,
NC). The TEF was calculated as the energy expenditure incre-
ment over fasting at baseline and was expressed as a percentage
of ingested energy. Fat oxidation was calculated from ·

VO2 and
·
VCO2 during the fasting and postprandial measurement periods
and from urinary nitrogen excretion, with the assumption that
nitrogen excretion was steady over the 24-h collection period
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TABLE 1
Characteristics of the study children and parents1

Control group Stunted group

Children
Age (mo) 120 ± 17 122 ± 15
Height (cm) 136 ± 10 126 ± 92

Weight (kg) 32 ± 6 26 ± 52

Height-for-age z score �0.56 ± 0.80 �2.16 ± 0.702

Weight-for-height z score 0.46 ± 0.76 �0.08 ± 1.10
Percentage body fat (%) 20 ± 7 17 ± 5

Fathers
Height (cm) 165 ± 8 160 ± 12
BMI (kg/m2) 26 ± 3 25 ± 3

Mothers
Height (cm) 153 ± 7 151 ± 9
BMI (kg/m2) 25 ± 4 26 ± 5

1 x– ± SD. For control group, n = 30 children, 16 fathers, and 20 moth-
ers. For stunted group, n = 28 children, 10 fathers, and 18 mothers.

2 Significantly different from control group, P < 0.001 (Student’s
unpaired t test).
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(42, 43). Substrate oxidation was calculated by subtracting the
volumes of oxygen and carbon dioxide attributed to protein
metabolism from the measured volumes and then determining
the nonprotein respiratory quotient (RQ). The nonprotein RQ
was then used in the equations described by Livesey and Elia
(43) to determine the percentage of energy expenditure attribut-
able to fat and carbohydrate oxidization.

Diets

A standardized breakfast that supplied 42 kJ (10 kcal) per kg
body wt was given to the children each morning at 0900. For
lunch (1230), snack (1530), and dinner (1900), the children ate
foods ad libitum from standardized menus prepared in the meta-
bolic kitchen; their intake was measured at all meals. The chil-
dren were not allowed any food after 2000, when fasting began
for the metabolic testing.

Body composition

Height and weight were measured as described elsewhere
(11). Body fat and lean body mass were measured with dual-
energy X-ray absorptiometry by using a Lunar X-ray densitome-
ter (Lunar Corp, Madison, WI) with an adult quick-scan program
shown to be accurate for this age and weight group (44).

Statistical analysis

Values are expressed as means ± SDs or SEMs as noted. Sta-
tistical analyses were performed by using the procedures of
SPSS 7.0 for WINDOWS and SYSTAT 7.0 for WINDOWS
(SPSS Inc, Chicago). Differences between groups for single
measurement variables were tested by using Student’s unpaired
t test. Analysis of covariance was used to assess postprandial RQ
differences, with group as the between-subjects factor, time as
the repeated measure, and fasting RQ as a covariate. Differences
between groups in REE were determined by using a multiple lin-
ear regression model in which REE was regressed against 1) group
and lean body mass, and 2) group and weight. Results were con-
sidered statistically significant when P < 0.05.

RESULTS

The control and stunted groups were not significantly differ-
ent in age and WHZ but, as intended, the control group had
greater height, HAZ, and body weight than did the stunted group
(Table 1). The 2 groups did not differ significantly in percentage
body fat or lean body mass. In the subset of parents whose
anthropometric measurements could be obtained (n = 64), there

were no significant differences in either height or body mass
index (BMI; in kg/m2) between the groups (Table 1).

REE and TEF data are shown in Table 2. Compared with con-
trol children, stunted children had lower unadjusted REE and
higher REE/kg body wt. However, after adjustment for lean body
mass by multiple linear regression (45), REE did not differ signi-
ficantly between the groups. TEF was also not significantly dif-
ferent between the groups. TEF data are summarized in Table 2
and the time course of TEF over the 3-h measurement is shown
in Figure 1. The possibly unusual pattern of TEF (specifically,
the relatively low value at 60 min after the meal) could not be
explained on the basis of any specific study procedures.

Data on fasting and postprandial RQ and substrate oxidation
are shown in Table 3. The fasting RQ and nonprotein fasting
RQ were significantly higher in the stunted group than in the
control group. These differences remained even when children
who had an RQ > 1.00 (n = 5) were excluded from the analy-
ses or when the previous day’s energy intake and food quotient
(calculated ratio of ·

VCO2 to ·
VO2 during complete combustion

of consumed foods) were examined as confounding variables
in multiple regression models. The control group also oxidized
a significantly lower percentage of their fuel mix as carbohy-
drate and a significantly greater percentage as fat than did the
stunted group.

Concerning postprandial fat oxidation, mean postprandial RQ
was not significantly different between the 2 groups when
averaged over the 3-h experimental period (Table 3), and conse-
quently, mean postprandial rates of fat and carbohydrate oxida-
tion were also not significantly different. However, as shown in
Figure 2, RQ tended to remain elevated in the stunted group
compared with the control group. Consequently, during the post-
prandial phase, the control group had a significantly lower RQ at
30 min (assessed statistically as described in the Statistical
Analysis section; Figure 2). Also note that postprandial changes
in RQ from baseline did not differ significantly between the
2 groups. We interpret these observations to indicate that fasting
RQ was significantly higher in the stunted group, but the change
in RQ with feeding did not differ between groups.
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TABLE 2
Energy expenditure of control and stunted children1

Control Stunted
(n = 30) (n = 28)

REE, unadjusted (kJ/d) 4933 ± 118 4369 ± 912

REE/kg body wt (kJ/d) 159 ± 5 173 ± 53

REE, adjusted for LBM (kJ/d) 4755 ± 86 4559 ± 90
REE, adjusted for body wt (kJ/d) 4742 ± 91 4573 ± 95
Total TEF (% of meal load) 2.0 ± 0.3 2.4 ± 0.3

1 x– ± SEM. REE, resting energy expenditure; LBM, lean body mass;
TEF, thermic effect of feeding.

2,3 Significantly different from control group (multiple linear regres-
sion): 2 P < 0.001, 3 P < 0.05.

FIGURE 1. The thermic effect of feeding during a 3-h period in
stunted and control children. Values are mean (± SEM) energy expendi-
ture in excess of fasting baseline during each 30-min period. There were
no significant differences between the groups at any time.

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


DISCUSSION

Impaired fat oxidation was shown previously to be a risk fac-
tor for excess weight gain in several populations known to be
susceptible to obesity, including Pima Indians, previously
obese women who had completed a weight-reduction program,
and middle-aged men (28–32). In the present study, we found
that nutritionally stunted children had measurably impaired fat
oxidation compared with nonstunted control children living in
the same environment. Specifically, stunted children had signi-
ficantly higher RQs and lower fat oxidation in the fasting state
and 30 min after a meal (subsequent postprandial measure-
ments remained higher but not significantly so). This finding of
reduced fat oxidation in the fasting and early postprandial
states may help to explain previous observations (11–13) of
increased prevalence of overweight among stunted adolescents
and adults in developing countries, because fat that is not oxi-
dized must be stored. Our findings also add to the literature
suggesting that diet early in life has a significant effect on later
metabolism and health (24, 26, 27).

Several aspects of the study design were critical to our inter-
pretation of the results obtained. First, we used an inpatient pro-
tocol in which all food was provided to the children. This was
important because dietary composition on the day preceding the
measurement can influence fasting fat oxidation (46). In addi-
tion, none of the children were obese yet, which enabled us to
measure factors contributing to an underlying susceptibility to
weight gain rather than factors apparent only after weight gain
has occurred. By selecting children for each group from the same
environment and ensuring that the groups had values for parental
height and BMI that were not significantly different, we also
reduced the number of factors other than nutritional stunting that
could explain our results. Note that we were unable to distin-
guish between different causes of nutritional stunting in this
population. Therefore, we cannot exclude the possibility that dif-
ferent underlying causes (for example, chronic deficiency of
multiple nutrients including energy as opposed to chronic defi-
ciency of a specific nutrient such as zinc) might have different
effects. Further studies will be needed to address the question of
whether different underlying causes of nutritional stunting may
influence fat oxidation to different extents.

Although the mechanisms by which chronic undernutrition
leading to stunting causes an alteration in fat oxidation are not
known, there are several potential explanations. At the level of
fat oxidation versus storage, fat that is not oxidized must be
stored. Thus, impaired fat oxidation will tend to cause increased
fat deposition over time. In theory, impaired fat oxidation will
accelerate fat deposition particularly quickly when a high-fat
diet is consumed, because the excess fat intake will be deposited.
With regard to this possibility, we previously obtained prelimi-
nary data suggesting that stunted children gain weight over time
at an accelerated rate when they consume a high-fat diet (14).

It can be speculated that in nutritionally stunted children, long-
term adaptations to undernutrition that affect enzyme and hor-
mone function may underlie impaired fat oxidation. For example,
long-term undernutrition is accompanied by reduced concentra-
tions of insulin-like growth factor I (IGF-I) (14, 47). Because
IGF-I increases the activity of hormone-sensitive lipase to lipoly-
tic hormones (48, 49), any reduction in IGF-I may also result in
decreased fat oxidation (50). In addition, studies in rodents have
suggested long-term effects of litter size (a classic tool for study-
ing the effects of early nutrition) on enzymes involved in carbo-
hydrate and fat oxidation 20 wk after weaning (17). For example,
20-wk-old rats undernourished at birth had elevated concentra-
tions of gluconeogenic enzymes, which might promote increased
carbohydrate oxidation relative to fat oxidation (17).

Although we studied children living in Brazil, it is important
to note that children in other countries are susceptible to under-
nutrition and stunting also; �250 million children worldwide
are thought to suffer from malnutrition (51) and 5–10% of chil-
dren in the United States have been classified as stunted (52). In
developing populations, nutritional stunting is primarily related
to undernutrition, but in developed populations it is more com-
monly associated with a range of common childhood problems,
including severe burns (53), excess fruit juice consumption (54),
fear of obesity (55), and low social class (56). Most previous
reports on stunting did not provide information on body fatness,
but stunting in children with previous burn injuries was associ-
ated with a disproportionate gain in weight relative to height 3 y
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TABLE 3
Fasting and postprandial respiratory quotient (RQ) and substrate
oxidation in control and stunted children1

Control Stunted
(n = 30) (n = 28)

Fasting
RQ 0.89 ± 0.007 0.92 ± 0.0092

Nonprotein RQ 0.90 ± 0.009 0.94 ± 0.0092

Carbohydrate oxidation 66 ± 2 75 ± 23

(% of energy expenditure)
Fat oxidation (% of energy expenditure) 34 ± 2 25 ± 23

Postprandial
RQ 0.93 ± 0.007 0.94 ± 0.007
Cumulative carbohydrate oxidation 80 ± 3 84 ± 3

(% of energy expenditure)
Cumulative fat oxidation 20 ± 2 16 ± 3

(% of energy expenditure)
1 x– ± SEM.
2,3 Significantly different from control group (Student’s unpaired t test):

2 P < 0.05, 3 P < 0.01.

FIGURE 2. Mean (± SEM) fasting (0 min) and postprandial respira-
tory quotient in stunted and control children. *Significantly different
from the stunted group, P < 0.05. The average respiratory quotient did
not differ significantly between the 2 groups.
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after the burn accident (53). Also, short adults of low social class
had a significantly greater BMI than did taller individuals of
higher social class in England (56) but not in France (57).

In summary, this study showed that nutritionally stunted chil-
dren have impaired fat oxidation compared with nonstunted con-
trol children from the same environment. This finding suggests
that stunted shantytown children are at increased risk of obesity
and may gain weight over time when food supplies become
sufficient to allow ad libitum consumption. Our results may
therefore help to explain the previous finding of an increased
prevalence of obesity among stunted children and short adults in
developing countries. 

We thank Celia de Nascimento and Paula A Martins for their assistance
with recruitment and data collection and Robert Russell for his expert advice.
We also thank the isotope ratio mass spectromety facility for isotope analyses
and the staff at the Center for Nutritional Recovery and Education for their
cooperation in conducting this study at their facility. We are indebted to the
families of the children who allowed us to conduct this work with them.

REFERENCES

1. Popkin BM, Doak CM. The obesity epidemic is a worldwide phe-
nomenon. Nutr Rev 1998;56:106–14.

2. Obesity: preventing and managing the global epidemic. Geneva:
World Health Organization, 1997.

3. Popkin BM. The nutrition transition in low-income countries: an
emerging crisis. Nutr Rev 1994;52:285–95.

4. Blair S. Evidence for success of exercise in weight loss and control.
Ann Intern Med 1993;119:702–6.

5. Garrow J. Exercise in the treatment of obesity: a marginal contribu-
tion. Int J Obes Relat Metab Disord 1995;19:S126–9.

6. Hill J, Commerford R. Physical activity, fat balance, and energy bal-
ance. Int J Sport Nutr 1996;6:80–92.

7. Roberts SB, Pi-Sunyer FX, Dreher M, et al. Physiology of fat
replacement and fat reduction: effects of dietary fat and fat substi-
tutes on energy regulation. Nutr Rev 1998;56:S29–49.

8. Willett WC. Is dietary fat a major determinant of body fat? Am J
Clin Nutr 1998;67(suppl):556S–62S.

9. Wilmore JH, Stanforth PR, Hudspeth LA, et al. Alterations in rest-
ing metabolic rate as a consequence of 20 wk of endurance training:
the HERITAGE Family Study. Am J Clin Nutr 1998;68:66–71.

10. Waterlow JC. Protein energy malnutrition. London: Edward
Arnold, 1992.

11. Sawaya AL, Dallal G, Solymos G, et al. Obesity and malnutrition in
a shantytown population in the city of São Paolo, Brazil. Obes Res
1995;3(suppl):107S–15S.

12. Doak C, Monteiro C, Popkin B. The coexistence of obesity and
undernutrition in the same households is an emerging phenomena in
lower income countries. FASEB J 1999;13:673.2 (abstr).

13. Popkin BM, Richards MK, Montiero CA. Stunting is associated
with overweight in children of four nations that are undergoing the
nutrition transition. J Nutr 1996;26:3009–16.

14. Sawaya AL, Grillo LP, Verreschi I, Carlos da Silva A, Roberts SB.
Mild stunting is associated with higher susceptibility to the effects
of high-fat diets: studies in a shantytown population in São Paulo,
Brazil. J Nutr 1997;128(suppl):415S–20S.

15. Widdowson E, McCance R. The effect of finite periods of undernu-
trition at different ages on the composition and subsequent develop-
ment of the rat. Proc R Soc Lond B Biol Sci 1963;158:329–42.

16. Aubert R. Long-term morphological and metabolic effects of early
under- and overnutrition in mice. J Nutr 1980;110:649–61.

17. Duff D, Snell K. Effect of altered neonatal nutrition in the develop-
ment of enzymes of lipid and carbohydrate metabolism in the rat.
J Nutr 1982;112:1057–66.

18. Knittle J, Hirsch J. Effect of early nutrition on the development of
rat epididymal fat pads: cellularity and metabolism. J Clin Invest
1968;47:2091–8.

19. Faust I, Johnson P, Hirsch J. Long-term effects of early nutritional
experience on the development of obesity in the rat. J Nutr 1980;
110:2027–34.

20. Cryer A, Jones H. The development of white adipose tissue.
Biochem J 1980;186:805–15.

21. Lewis D, Bertrand H, McMahan C, McGill HJ, Carey K, Masoro E.
Preweaning food intake influences the adiposity of young adult
baboons. J Clin Invest 1986;78:899–905.

22. Wiesel T, Hubel D. Comparison of the effects of unilateral and bilat-
eral eye closure on cortical unit responses in kittens. J Neurophys-
iol 1965;28:1029–40.

23. McCance RA. Food, growth and time. Lancet 1962;2:621–6.
24. Lucas A. Programming by early nutrition in man. In: Bock GR,

Whelan J, eds. The childhood environment and adult disease. Lon-
don: John Wiley & Sons, 1991:38–49.

25. Lucas A. Programming by early nutrition: an experimental approach.
J Nutr 1998;128:401S–6S.

26. Lucas A. Does early diet program future outcome? Acta Paediatr
Scand Suppl 1990;365:58–67.

27. Waterland RA, Garza C. Potential mechanisms of metabolic imprint-
ing that lead to chronic disease. Am J Clin Nutr 1999;69:179–97.

28. Zurlo F, Lillioka S, Esposito-del Puente A, et al. Low ratio of fat to
carbohydrate oxidation as predictor of weight gain: study of 24-h
RQ. Am J Physiol 1990;259:E650–7.

29. Astrup A, Buemann B, Christensen N, Toubro S. Failure to increase
lipid oxidation in response to increasing dietary fat content in for-
merly obese women. Am J Physiol 1994;266:E592–9.

30. Larson DE, Ferraro RT, Robertson DS, Ravussin E. Energy metab-
olism in weight-stable postobese individuals. Am J Clin Nutr
1995;62:735–9.

31. Lean M, James W. Metabolic effects of isoenergetic nutrient
exchange over 24 hours in relation to obesity in women. Int J Obes
1988;12:15–27.

32. Seidell J, Muller D, Sorkin J, Andres R. Fasting respiratory
exchange ratio and resting metabolic rate as predictors of weight
gain: the Baltimore Longitudinal Study on Aging. Int J Obes Relat
Metab Disord 1992;16:667–74.

33. Ravussin E, Lillioja S, Knowler W, et al. Reduced rate of energy
expenditure as a risk factor for body-weight gain. N Engl J Med
1988;318:467–72.

34. Roberts S, Savage J, Coward W, Chew B, Lucas A. Energy expen-
diture and intake in infants born to lean and overweight mothers.
N Engl J Med 1988;318:461–6.

35. DeLany JP. Role of energy expenditure in the development of pedi-
atric obesity. Am J Clin Nutr 1998;68(suppl):950S–5S.

36. Goran MI, Shewchuk R, Gower BA, Nagy TR, Carpenter WH,
Johnson RK. Longitudinal changes in fatness in white children: no
effect of childhood energy expenditure. Am J Clin Nutr 1998;67:
309–16.

37. Stunkard AJ, Berkowitz RI, Stallings VA, Schoeller DA. Energy
intake, not energy output, is a determinant of body size in infants.
Am J Clin Nutr 1999;69:524–30.

38. Physical status, the use and interpretation of anthropometry.
Geneva: World Health Organization, 1995.

39. Monteiro CA, Benicio MHDA, Gouveia NC, Taddei JAAC, Car-
doso MAA. Nutritional status of Brazilian children: trends from
1975–1989. Bull World Health Organ 1992;70:657–66.

40. Wilson J, Foster D, eds. Williams textbook of endocrinology. 8th ed.
Philadelphia: WB Saunders, 1992.

41. de Weir JB. New method for calculating metabolic rate with spe-
cial reference to protein metabolism. J Physiol (Lond) 1949;109:
1–9.

42. Elia M, Livesey G. Theory and validity of indirect calorimetry dur-
ing net lipid synthesis. Am J Clin Nutr 1988;47:591–607.

706 HOFFMAN ET AL

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


NUTRITIONAL STUNTING AND OBESITY RISK IN CHILDREN 707

43. Livesey G, Elia M. Estimation of energy expenditure, net carbohy-
drate utilization, and net fat oxidation and synthesis by indirect
calorimetry: evaluation of errors with special reference to the
detailed composition of fuels. Am J Clin Nutr 1988;47:608–28.

44. Pintauro SJ, Nagy TR, Duthie CM, Goran MI. Cross-calibration of
fat and lean measurements by dual-energy X-ray absorptiometry to
pig carcass analysis in the pediatric body weight range. Am J Clin
Nutr 1996;63:293–8.

45. Ravussin E. Energy metabolism in obesity. Diabetes Care 1993;
16:232–8.

46. Saltzman E, Dallal GE, Roberts SB. Effect of high-fat and low-fat
diets on voluntary energy intake and substrate oxidation: studies in
identical twins consuming diets matched for energy density, fiber,
and palatability. Am J Clin Nutr 1997;66:1332–9.

47. Walker WA, Watkins JB, eds. Nutrition in pediatrics: basic science
and clinical applications. London: BC Decker, 1996.

48. Marcus C, Bolme P, Micha-Johnson G, Margery V, Bronegard M.
Growth hormone increases the lipolytic sensitivity for cate-
cholamines in adipocytes from healthy adults. Life Sci 1994;54:
1335–41.

49. Bjorntorp P. Hormonal control of regional fat distribution. Hum
Reprod 1997;12(suppl):21–5.

50. Hussain MA, Schmitz O, Mengel A, et al. Comparison of the effects
of growth hormone and insulin-like growth factor I on substrate oxi-

dation and on insulin sensitivity in growth hormone–deficient
humans. J Clin Invest 1994;94:1126–33.

51. de Onis M, Monteiro C, Akre J, Clugston G. The worldwide magni-
tude of protein energy malnutrition: an overview from the WHO
global database on child growth. Bull World Health Organ 1993;
71:703–12.

52. Interagency Board for Nutrition Monitoring and Related Research.
Third report on nutrition monitoring in the US. Washington, DC:
US Government Printing Office, 1995.

53. Rutan R, Herndon D. Growth delay in postburn pediatric patients.
Arch Surg 1990;125:392–5.

54. Dennison B, Rockwell H, Baker S. Excess fruit juice consumption
by preschool-aged children is associated with short stature and obe-
sity. Pediatrics 1997;99:15–22.

55. Pugliese MT, Lifshitz F, Grad G, Fort P, Marks-Katz M. Fear of obe-
sity. A cause of short-stature and delayed puberty. N Engl J Med
1983;309:513–8.

56. Brunner E, Marmot M, Nanchahal K, Stansfeld S, Juneja M, Alberti
K. Social inequality in coronary risk: central obesity and the meta-
bolic syndrome. Evidence from the Whitehall II study. Diabetologia
1997;40:1341–9.

57. Rolland-Cachera MF, Bellisle F. No correlation between adiposity
and food intake: why are working class children fatter? Am J Clin
Nutr 1986;44:779–87.

 by guest on June 7, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/

