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ABSTRACT: Recent increases in the prevalence of childhood obe-
sity have created an urgent need for preventive strategies, but such
strategies in turn depend on an improved understanding of the
etiology of pediatric obesity. There is a dearth of evidence of the
cause of pediatric obesity at present, with much of the literature of
limited quality, inconclusive, and contradictory. The present review
highlights the paradox of energy imbalance—its apparent simplicity
but actual complexity—and the difficulties in etiologic research that
arise from this complexity. The review identifies a number of emerg-
ing problems for etiologic studies. The review also makes a number
of proposals that might improve future etiologic studies and provides
a framework for integrating the diverse body of evidence of etiology
that will become available in future. Gathering improved evidence of
etiology, and then integrating and interpreting it, will take many years. In
the meantime, an emphasis on developing more effective preventive
interventions is necessary. (Pediatr Res 61: 646—652, 2007)

besity continues to increase rapidly across much of the
world (1-5). In England, obesity prevalence defined as
body mass index (BMI) =95th percentile relative to UK 1990
reference data (4) in 11-15 y olds was 25% in 2004 (5)
compared with 17% in 1996 (6) and 5% by definition in 1990
(4). In Europe, the rate of increase in childhood obesity
prevalence is itself increasing (3). The obesity epidemic is
therefore recent, and this is one reason why its etiology is not
well understood at present. Secular trends to a more central
body fat distribution and increasing body fatness appear to
have occurred across the distribution of children (7-13), so
many more children have been affected by the epidemic than
obesity prevalence data based on BMI might suggest.

The combination of high and increasing prevalence of
obesity, limited evidence supportive of specific preventive
interventions summarized in systematic reviews (14,15), evi-
dence of adverse effects of obesity from systematic review
(16), and uncertainty about etiology, provides great cause for
concern. In this review, we examine the origins of the etio-
logic uncertainty, suggest improvements in the design and
analysis of etiologic studies, and propose a framework for
integrating the diverse body of evidence of etiology.
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The specific aims of the present review are therefore to (1)
highlight the paradoxical complexity of the etiology of obe-
sity; (2) identify emerging problems in etiologic research; (3)
suggest ways in which energy balance studies (which attempt
to attribute etiology to energy intake and/or energy expendi-
ture) and epidemiologic studies (which try to identify expo-
sure variables for obesity) might be more productive in future;
(4) suggest approaches to integrating the diverse body of
evidence of etiology now available.

ETIOLOGY OF OBESITY: THE ENERGY BALANCE
PARADOX

Because obesity is an energy balance disorder, caused only
by a chronic excess of energy intake over energy requirement,
its origins seem very simple and obvious, particularly if we
consider energy balance as a simple static model where any
change in intake or expenditure produces a net change in
energy balance. In these terms, obesity is the result of only
three possibilities: increased energy intake, decreased energy
expenditure, or both of these.

In reality, the origins of energy imbalance are more com-
plex than our simple static model would suggest, for a variety
of reasons. First, measurement issues make it difficult to
attribute obesity to energy intake or expenditure. These are
two large terms in our model that are measured with limited
accuracy and precision (energy intake is measured particularly
poorly), and the energy imbalance that might lead to obesity
can be very small and difficult to discern among the “noise” of
energy turnover (17,18), akin to “looking for a needle in a
haystack.” Second, the static model is overly simplistic be-
cause the intake and expenditure components of the model are
not independent. We regulate our energy balance, to some
extent at least, by coupling intake and expenditure and so a
perturbation in one term in our model, such as a decrease in
energy intake, can produce compensatory changes in the other
terms, by reducing energy expenditure at rest or energy ex-
pended on physical activity (19). However, an emerging body
of evidence (20) predicts that coupling of intake and expen-

Abbreviations: ALL, acute lymphoblastic leukemia; ALSPAC, Avon Lon-
gitudinal Study of Parents and Children; DEXA, dual energy x-ray absorp-
tiometry; DLW, doubly labeled water method; NEAT, nonexercise activity
thermogenesis; REE, resting energy expenditure; TEE, total energy expen-
diture; Z score, SD score
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diture may become less effective at habitually low levels of
energy expenditure. Third, a wide variety of different forms of
evidence are available on the etiology of obesity (discussed
below); these can produce evidence that is difficult to inte-
grate. Fourth, although energy imbalance causes obesity at the
level of the individual, subtle societal influences on energy
intake and expenditure are presumably the underlying or true
“causes” of obesity (21), yet these are extremely difficult to
measure or even identify. Finally, an emerging body of epi-
demiologic evidence, discussed below, suggests that etiology
of obesity may differ significantly between different groups of
children within populations, and so if we are to understand
etiology, we may need—extending our analogy—to find
many needles in many different haystacks. For all these rea-
sons, the etiology of obesity is in fact much more complex
than it seems and less well understood than a lay or media
view of it might imagine. An improved understanding of
etiology is central to more successful prevention of obesity, in
particular, the identification of modifiable exposure variables
or risk factors is a high priority (22).

ENERGY BALANCE APPROACHES TO ETIOLOGY

In disease states of childhood that are characterized by
either underweight (e.g. cystic fibrosis) or overweight and
obesity (e.g. acute lymphoblastic leukemia, ALL) the etiolo-
gies of under- and overweight have been explained using
energy balance methods that have used the simple static
energy balance model (23). These etiologic studies may have
“succeeded” in part because they involve extreme populations
experiencing substantial rates of energy imbalance and rela-
tively rapid weight gain, for example, deficits in habitual total
energy expenditure (TEE) in preobese children with ALL of
>1 MJ/d and periodic increases in habitual energy intake of
>1.5 MJ/d (24-26). Although the degree or rate of energy
imbalance being experienced by the general pediatric popula-
tion may be smaller than in this clinical example and a process
of “creeping weight gain” may be more common (18), this
remains to be tested empirically in contemporary children.
One study of a group of healthy children and adolescents at
high risk of obesity in the United States found exceptionally
high rates of excess weight gain (27) and suggested that the
degree or rate of habitual energy imbalance may be suffi-
ciently high to be amenable to study, even with our limited
energy balance methods (28). Another more recent study from
the United States also suggested that contemporary children
exhibit a greater degree of positive energy balance than might
have been expected (29). Methodologic lessons learned from
clinical studies of energy imbalance may be helpful in pro-
viding an improved understanding of the etiology of obesity in
the pediatric population, and these are summarized in Table 1.

The clinical studies may also have succeeded because their
design was based on a good understanding of the natural
history of obesity, e.g. in ALL, the natural history is well
understood (30), to identify children in the preobese state. The
clinical studies have been successful in testing hypotheses that
have been generated by the natural history studies (24-26).
Studies of TEE and its relationship to subsequent weight or fat

Table 1. Lessons from etiologic studies of energy imbalance in
chronic disease states of childhood

Measurement methods

Should be comprehensive; measure all components of energy balance
(intake, REE, TEE) in same participant at the same time

Measure TEE with DLW if possible

Measure body composition and use it to adjust measures of REE and TEE

Consider measurement of NEAT or its components, such as fidgeting or
posture allocation

Study design:

Base design on natural history studies; study children during likely periods
of energy imbalance

Use longitudinal study design and analysis where possible

Consider using each participant as his or her own control, e.g. studying the
same children under different circumstances

Match controls closely for the main determinants of energy expenditure
(body size and composition, sex, possibly season, school days/school
holidays)

REE, resting energy expenditure; DLW, doubly labeled water method;
NEAT, nonexercise activity thermogenesis.

gain in the general pediatric population have been scarce,
usually inconclusive, and usually based on relatively small
samples (n < 100 per sex) of children at relatively low risk of
obesity rather than children who might reasonably be expected
to be preobese (28).

Etiologic studies of REE and TEE in the general pediatric
population might be more productive if they are focused on
groups at higher risk of obesity and recruit larger samples.
With the sustained availability of '®O-labeled water (for the
DLW method of measuring TEE in free-living children) at
relatively low cost, larger studies to test the role of TEE in
subsequent obesity development will become possible, and we
suggest that such studies focus on groups identified as being at
particularly high risk of obesity such as children of low
socioeconomic status, children of obese parents, or children
from ethnic minority groups, as these are the most likely to be
experiencing the high rates of energy imbalance necessary for
investigation by our traditional energy balance methods. As an
example, we calculate that an association between baseline
TEE and subsequent excess weight or fat gain in prepubertal
children could be identified in a longitudinal study as a
correlation coefficient or standardized regression slope of 0.2
at the 5% level with 80% power with a sample of around 190
boys and 190 girls. With an allowance for dropout, this would
require a baseline sample of perhaps 450 children. At current
costs of the '®0-labeled water (and mean weight 30 kg) for the
DLW method, isotope costs for such a study would not exceed
$65,000, which should not be prohibitive.

EPIDEMIOLOGIC APPROACHES TO ETIOLOGY

Wells (31) made the case for more epidemiologic ap-
proaches to the study of the etiology of obesity, arguing that
the degree of energy imbalance involved is too small to be
measurable with energy balance methods. Identifying expo-
sure variables by epidemiologic approaches might therefore
be more productive. In the longer term, epidemiologic ap-
proaches that identify important exposure variables may also
be of greater practical value in obesity prevention because, in
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contrast to physiologic approaches based on energy balance,
they provide answers in the form of behaviors that can be
targeted in subsequent prevention strategies (31).

One major problem with epidemiologic approaches to eti-
ology is that a systematic review published in 1999 (32)
concluded that many of the epidemiologic studies in the
literature were very limited; inadequately designed to identify
causality (cross-sectional studies dominated the literature up
to the late 1990s and are still common); usually underpow-
ered; often used simple (univariable) approaches to analysis;
and were usually dependent on very crude measures of expo-
sure and/or outcome variables. Parsons et al. (32) recom-
mended that future epidemiologic attempts to understand the
etiology of childhood obesity should be more rigorous: use a
longitudinal design, be adequately powered, and use more
precise measures of exposure and outcome with more sophis-
ticated (multivariable) approaches to statistical analysis. The
epidemiologic literature on the etiology of childhood obesity
has improved since the publication of the Parsons ef al. review
(32), but uncertainty remains, even over the better established
exposure variables: formula feeding during infancy; rapid
growth in early life; sedentary behavior, particularly screen
time/media use; low physical activity; and sugar-sweetened
drink consumption (33,34). Two issues arise from this uncer-
tainty: first, how to conduct and analyze epidemiologic studies
in future to increase confidence in our conclusions and, sec-
ond, how to integrate and appraise the body of epidemiologic
and other evidence to identify factors involved in the causa-
tion of obesity with sufficient confidence.

MEASUREMENT OF EXPOSURE AND OUTCOME
VARIABLES

Previous reviews have noted the importance of measure-
ment accuracy and precision in identifying and quantifying
associations between exposure variables and obesity-related
outcomes (35,36). Inadequate measures may obscure true
associations or reduce the apparent magnitude of associations.
Here we note the recent availability of greatly improved
measures of some risk factors, e.g. the advent of objective
measurement of physical activity and sedentary behavior us-
ing accelerometry (35), suitable even for large-scale epidemi-
ologic studies such as the Avon Longitudinal Study of Parents
and Children (ALSPAC) (37,38). Epidemiologic etiologic
studies have not considered measures of energy expenditure as
exposure variables in the past, but we can now include mea-
surement of REE (measured by portable indirect calorime-
ters), TEE (measured by DLW method), and physical activity
energy expenditure (PAEE), calculated as the difference be-
tween TEE and REE with a standard correction for the thermic
effect of feeding in pediatric epidemiologic studies. Better
measures of physical activity and sedentary behavior, based
on accelerometry (39), should be considered for measurement
of exposure in future. We note that PAEE in children is also
known as NEAT (40) and that variation in some of the
low-level movements encompassed within NEAT, such as
fidgeting, might be important in explaining differential sus-
ceptibility to obesity in children, although this has not been

investigated in the absence of measurement techniques for
such variables in children. If methodologic developments
permit such subtle measures in future, these should also be
considered as exposure variables in future epidemiologic
studies Furthermore, recent technologic developments may
improve the practical utility, accuracy, and precision of
estimation of TEE and PAEE even further using accelerometry
in combination with other methods (41,42).

Traditionally, measurement of outcome variables (obesity/
weight status) has been more accurate and precise than mea-
surement of many exposure variables in epidemiologic studies
(35). Weight and height are relatively easy to measure in large
samples, although they are not perfect indices of body com-
position for etiologic purposes. For many important potential
risk factors, particularly for dietary risk factors, for example
(43), measurement accuracy and precision are poor and par-
ticipant burden is high, so associations between putative risk
factors and outcome can be tested with greater confidence for
some risk factors than others. This may be an argument both
for the development of improved measurement methods for
risk factors that are measured poorly and for greater focus on
obtaining good measures of those risk factors that can be
measured well using existing methods, such as the use of
objective measurement of physical activity by accelerometry
rather than subjective assessment using questionnaires (35).
One difficulty with this approach might be that we put greater
research effort in future into including risk factors in our
etiologic studies that can now be measured well, i.e. with high
accuracy and precision and low participant burden, such as
physical activity, but neglect putative exposure variables that
are not measured well, but that are likely to be very important
in etiology (such as various aspects of dietary intake). Meth-
odologic research aimed at providing accurate, precise, and
practical measures of all the potentially important exposure
variables is therefore a high priority if our understanding of
the etiology of pediatric obesity is to improve in future.

Outcome measurement in most epidemiologic studies of
etiology has been based on a high BMI SD score or Z score.
Systematic reviews have shown that high BMI Z score is a
good, perhaps surprisingly good, measure of high fat mass (1),
but at lower points in the BMI distribution a very wide range
of fat masses exist at the same BMI SD score (Z score)
(1,44,45). The use of mean BMI Z score is a poor measure
of overweight and obesity in a sample. For example, the
mean BMI Z score has proved problematic in studies that
have examined the role of socioeconomic status in the
development of obesity (46) and has obscured the possible
protective role of breast-feeding in obesity because breast-
feeding probably protects against both underweight and
overweight and so has a less marked effect on mean BMI
than at the extremes of BMI (47).

So long as obesity (a high fat mass associated with in-
creased risk of morbidity) is the outcome of interest, a high
BMI Z score will be an acceptable and readily obtained
outcome in large epidemiologic studies. The use of “interna-
tional” definitions of obesity in children and adolescents may
reduce power by defining relatively small numbers of partic-
ipating children as obese because they are overly conservative
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definitions with particularly low diagnostic sensitivity for a
high body fat content (1). Another potential problem with the
international definitions is that they provide definitions that
are not equivalent between boys and girls (diagnostic sensi-
tivity differs significantly between the sexes, in contrast to
defining obesity relative to national reference data) (1).

There are now a number of more sophisticated epidemio-
logic measures of outcome available, based on measurement
of body composition (48,49). In longitudinal studies of the
development of obesity in children, measurement of body
composition has been more informative than BMI in some
studies (50). It is also helpful to consider fat mass as a
continuous outcome variable rather than as a categorical or
dichotomized variable (36,37), and ideally fat and fat free
masses would be adjusted for height using an approach such
as the fat-mass index, and estimated using more precise
methods such as dual-energy x-ray absorptiometry (DEXA)
(51-53). The high precision of DEXA makes it particularly
well suited to measuring change in body composition in
longitudinal studies, and it is very acceptable to children.
However, validation studies against criterion multicomponent
models have shown that DEXA does not estimate fat mass
with high accuracy (54,55), and at present, no field methods
have high accuracy relative to criterion methods with the
possible exception of total body water (48,49), which is not a
straightforward method for field use.

EFFECT MODIFICATION WITHIN POPULATIONS

One concern for etiologic studies of obesity in childhood is
the emerging body of evidence from the United States that the
etiology of obesity may differ markedly between groups
within a population. Groups might differ not just by the level
of exposure to variables that cause obesity, but there may be
different causal variables operating in different groups defined
by socioeconomic status (56,57), race/ethnicity (56,58), or
initial weight status (50). Establishing whether such differ-
ences in etiology exist in societies outside the United States is
therefore important. If marked differences in etiology exist
between groups within a population, then this implies that
many etiologic studies will be necessary in future or that
future etiologic studies must be even larger to represent the
various groups of interest within each population.

STRATEGIES TO REDUCE THE IMPACT OF
CONFOUNDING

There is increasing awareness of the importance of both
residual and unmeasured confounding, and specifically of
their likely impact on etiologic studies of obesity (35,36). It is
notoriously difficult to disentangle the effects of potential
exposure variables on obesity when many of these associa-
tions are confounded by social factors. However, the impact of
confounding can be reduced by attention to the strategies
listed in Table 2.

BUILDING THE STATISTICAL MODEL

Formal stepwise methods based purely on statistical “rules”
should not be used when developing an explanatory model for

Table 2. Strategies to reduce the effects of confounding in
epidemiologic studies of the etiology of obesity

Include as many factors contributing to social patterning in the population
as possible, e.g. maternal education, housing, social class, measures of
deprivation, household income

Test for unattenuated dose-response effects likely to indicate an underlying
biological process

Analyze proxy measures for the exposure along with the exposure of
interest; similar associations imply a common rather than a specific and
causal pathway*

Investigate the same associations in different geographic locations (ecologic
studies), being aware of possible effect modification between populations

Test for the same associations in populations that show different
confounding structures; if the association is still significant, this
strengthens the likelihood that the association is causal

Check that associations are specific for the outcome of interest: if the
exposure protects against a range of outcomes, it is more likely to be
due to confounding by a cluster of lifestyle variables

Consider newer instrumental variable approaches such as mendelian
randomization (59)

* When we recently tested for a previously reported association between
maternal smoking and obesity, we also tested for, and found, similarly strong
associations with paternal smoking (53), indicating that the associations may
be more likely to reflect social factors rather than an underlying biological
pathway from smoking to offspring obesity in this case.

the outcome (60). In broad terms, simple automated variable
selection procedures artificially inflate the proportion of vari-
ation explained by the models that are selected and overesti-
mate the regression coefficients. This results in poor predictive
ability and means that the final models are not easily repro-
duced when minor changes to the data are made (e.g. slightly
modified definitions of exposure variables such as breast-
feeding). More specifically, to understand the etiology of
obesity, we need an underlying conceptual framework upon
which to build our statistical models, and this is likely to
include variables that are not statistically significantly associ-
ated with the outcome but that have been identified as being
important by previous studies and likely to lie on the causal
pathway to obesity. Second, the process of model building
should be sequential, such that factors should be offered to the
model either singly or in predefined groups so that any
attenuation (or amplification) of the association can be ex-
plained. A sequential approach to model building also helps
reduce the likelihood of overcontrolling (36) because at each
stage, the conceptual framework upon which the model is
being built should be considered. Finally, any interactions to
be tested should be based on a priori hypotheses. Automated
stepwise procedures will test all possible interactions within a
model, increasing the probability of chance findings.

LONGITUDINAL ANALYTICAL METHODS

Longitudinal studies provide detailed information on
changes within participants over time. There appear to be a
number of pathways (etiologies) to obesity by childhood and
adolescence (56-58,61). Cross-sectional studies cannot ad-
dress the important questions that arise in longitudinal studies.
Unfortunately, longitudinal studies remain scarce, and, as
pointed out by Must and Tybor (36), longitudinal studies are
often analyzed using univariate models based on some sum-
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mary measure (such as the mean) of the outcome measure
over time. More complex and dynamic models are necessary
to characterize complex developmental changes and to iden-
tify the determinants and covariates of change. Recent devel-
opments in the field of finite mixture modeling (62) allow for
the identification of different developmental processes in dis-
tinct but unobserved subgroups within a sample. Finite growth
mixture modeling extends the methods of random coefficients
models to incorporate categorical latent trajectory variables
representing latent classes, subgroups within the sample that
are inferred from the data (62). The mixture modeling method
is a modeling framework for mapping substantive hypotheses
of development onto appropriate statistical models. This
promising approach is now being used occasionally in the
study of the etiology of pediatric obesity and its comorbidities
(63,64). It is a promising approach because it is likely that
individual trajectories of weight status (e.g. change in fat mass
or BMI Z score) or probability of obesity (as a binary out-
come) are heterogeneous but belong to a finite number of
unobserved populations that have different means and associ-
ations within each subgroup. Additional strengths of this
approach include the efficient handling and description of
missing data and the ability to deal with intraindividual vari-
ation (between repeated measures) and the analysis of con-
founders, covariates, and possible exposure variables (62—64).

INTEGRATING THE ETIOLOGICAL EVIDENCE

A variety of alternative approaches are available for inves-
tigation of the etiology of pediatric obesity. A full description
of these would be beyond the scope of the current review, but
in brief these are, in addition to the energy balance and
epidemiologic studies discussed above, as follows: systematic
review and/or meta-analysis (32); intervention studies, partic-
ularly randomized, controlled trials (65,66); mechanistic stud-
ies (e.g. use of animal models to elucidate underlying mech-
anisms, genetic studies). These approaches have been
extremely useful in understanding etiology to date, and com-
plement the epidemiologic and energy balance approaches to
etiology, but all the approaches have important limitations.

The epidemiologic literature on the possible role for breast-
feeding in protecting against later obesity is a good example of
a large body of apparently contradictory evidence. The breast-
feeding literature contains many recent studies that support the
hypothesis that breast-feeding protects against later obesity,
many that appear to reject the hypothesis, and a number of
apparently inconclusive studies. The confusion and uncer-
tainty over the role of breast-feeding in the avoidance of
obesity have been diminished by recent meta-analyses (67—
69), although meta-analysis has pitfalls that should be borne in
mind, and it is not likely to be a panacea to the problem of
understanding the etiology of obesity (70). Systematic review/
critical appraisal has also recently proved to be extremely
valuable in our understanding that rapid growth in early life is
an etiologic factor in the development of obesity (71).

Weaknesses inherent in the epidemiologic approach to eti-
ology, notably problems of confounding, may always limit our
confidence in epidemiologically derived associations between

risk factors and obesity-related outcomes (35). Single studies
should be viewed with caution, and conclusions as to the
major risk factors for the development of obesity should be
based on a relatively large body of high-quality and consistent
evidence. Associations that have biologic plausibility based on
mechanistic studies are clearly more likely to be causally
involved in the development of obesity. The possible role of
sleep deficit in contributing to childhood obesity, identified
from a recent longitudinal epidemiologic study (38), has been
supported by a range of mechanistic and energy balance
studies, including animal models (72,73) . An etiologic role
for sleep deficit in childhood obesity development now seems
much more biologically plausible.

Because some inherent weaknesses will remain even in
large, well-designed epidemiologic studies, notably the prob-
lems of reverse causality and unmeasured and residual con-
founding (35,36), alternative study designs will be necessary
to provide greater certainty about cause. The highest level of
evidence is from randomized, controlled trials. However, there
are also problems in using the evidence base from such trials
of interventions aimed at preventing childhood obesity. First,
most of the older intervention trials have been described in
numerous systematic reviews/critical appraisal exercises as
being of poor methodologic quality (14,15). Second, many of
the higher quality and more recent trials of preventive inter-
ventions have failed to alter the behavior(s) in question sig-
nificantly (74-76), and so cannot be used as tests of the
hypothesis that altering physical activity and/or diet can mod-
ify the subsequent risk of obesity (34). In future, the evidence
from randomized, controlled trials will only be informative if
there is a massive expansion of and emphasis on funding of
intervention research and if interventions that are more suc-
cessful in changing behavior can be developed (77). A further
difficulty is that some factors that may be involved in the
causation of pediatric obesity are less amenable to modifica-
tion and testing in randomized trials. As an example, random
allocation to infant breast-feeding versus formula feeding is
problematic, but even this is possible in some circumstances
(78). For some exposure variables, evidence from randomized
trials will be necessary to resolve doubts and controversy over
their role in the causation of obesity.

FROM ETIOLOGY TO PREVENTION OF
PEDIATRIC OBESITY

The present review has noted weaknesses in all the various
approaches to identifying the causal pathways that lead to
pediatric obesity. Must and Tybor (36) recently called for a
“second generation” of improved longitudinal epidemiologic
studies to improve the evidence base on etiology of obesity,
and we support this view. While we wait for improvements in
the evidence base—more and better intervention trials; more,
better, and larger longitudinal observational studies; more
mechanistic studies that establish biologic plausibility; studies
that test for etiologic differences between groups within pop-
ulations—the pediatric obesity epidemic continues apace (5).
Interventions are required urgently and must therefore proceed
on the best evidence available at present (77). Whitaker (33)
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has proposed a number of criteria or “decision rules” by which
candidate risk factors/behaviors are selected as targets for
obesity prevention, and this type of approach should be help-
ful in guiding the development of preventive interventions
while we await improvements in the etiologic evidence from
future studies.
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