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ABSTRACT

Since the concept of lasting programming effects on disease risk in
human adults by the action of hormones, metabolites, and neuro-
transmitters during sensitive periods of early development was
proposed >3 decades ago, ample supporting evidence has evolved
from epidemiologic and experimental studies and clinical trials.
For example, numerous studies have reported programming effects
of infant feeding choices on later obesity. Three meta-analyses of
observational studies found that obesity risk at school age was re-
duced by 15-25% with early breastfeeding compared with formula
feeding. We proposed that breastfeeding protects against later obe-
sity by reducing the occurrence of high weight gain in infancy and
that one causative factor is the lower protein content of human milk
compared with most infant formula (the early protein hypothesis).
We are testing this hypothesis in the European Childhood Obesity
Project, a double-blind, randomized clinical trial that includes >1000
infants in 5 countries (Belgium, Germany, Italy, Poland, and Spain).
We randomly assigned healthy infants who were born at term to re-
ceive for the first year infant formula and follow-on formula with
higher or lower protein contents, respectively. The follow-up data
obtained at age 2 y indicate that feeding formula with reduced
protein content normalizes early growth relative to a breastfed refer-
ence group and the new World Health Organization growth standard,
which may furnish a significant long-term protection against later
obesity. We conclude that infant feeding practice has a high potential
for long-term health effects, and the results obtained should stimu-
late the review of recommendations and policies for infant formula
composition. Am J Clin Nutr 2009;89(suppl):1S-7S.

INTRODUCTION

Metabolic factors acting during limited and sensitive time
periods of pre- and postnatal development can induce lasting
effects on health and disease risk in later life up to old age,
a phenomenon named programming or metabolic programming
(1). The term programming was first introduced into the scien-
tific literature by Giinter Dorner, Professor and Chairman of the
Institute of Experimental Endocrinology at Humboldt Univer-
sity, Berlin, Germany, >30 y ago (2). In his article, he proposed
that concentrations of hormones, metabolites, and neurotrans-
mitters during early development can preprogram brain devel-
opment and functional disorders in human adults, reproduction,

and metabolism (3). Dorner also suggested that genetics and
environment interact during early development to determine
health outcomes in adulthood, an hypothesis that was confirmed
by experimental data (1, 4-6). The early programming or early
developmental plasticity hypothesis became more widely known
after the publication of many epidemiologic studies showing an
association between early markers of growth and the risks of
hypertension, diabetes, and coronary heart disease in adult life
(7-10).

There is an increasing interest in the kinetics of early growth
and its possible consequences because high early weight gain in
the first 1-2 y of life is associated with later adverse health
outcomes (1, 11), such as increased blood pressure (12), in-
creased overweight and body fat deposition (13-16), and in-
creased risk of diabetes (17). Observational data cannot firmly
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establish causality because it is difficult to exclude residual
confounding, but infant growth patterns are potentially modifi-
able by infant feeding practices. Therefore, opportunities exist
for randomized clinical trials that evaluate the long-term pro-
gramming effects of infant feeding and the potential preventive
application for enhancing long-term health, well-being, and
performance. Here we review some aspects of an ongoing ran-
domized controlled trial that were recently reported (18). This
trial is part of the European Early Nutrition Programming Pro-
ject (http://www.metabolic-programming.org), the world’s larg-
est research collaboration on metabolic programming that brings
together ~40 research groups from across Europe to combine
epidemiologic, experimental, and clinical trial methodology to
study programming effects.

FEEDING IN INFANCY AND THE LATER RISK OF
OBESITY

Obesity in children shows an alarming increase of both
prevalence and severity in affluent as well as in less-privileged
populations worldwide and is thus considered a global epidemic
(19-21). Obesity in children is associated with serious short- and
long-term adverse effects on the quality of life, performance,
long-term health, and life expectancy, as well as with high fi-
nancial burdens due to loss of productivity and the ensuing costs
for health care and social support systems. It is therefore of great
importance to develop and implement an effective therapeutic
intervention for obese children, but the efficacy of currently
available treatment strategies is less than satisfactory, and costs
tend to be high (22). A Cochrane review of therapeutic inter-
ventions in childhood obesity found that there is no conclusive
evidence on the effects of treatment strategies and their com-
ponents (23). If options for effective treatment at reasonable
costs are limited, primary prevention of obesity becomes even
more important. Improvement of infant feeding might be one
strategy that could contribute to reducing obesity risk in later life
(1, 18).

EARLY GROWTH AND LATER RISK OF OBESITY

In animals, restriction of food intake for 3 wk was shown
by McCance and Widdowson to permanently reduce body size up
to adulthood if the food restriction was applied during early
development, whereas no permanent effects were indicated if
animals were exposed to food restriction at a later age. This
represents an example of metabolic programming acting only
during a sensitive period of early development (24). High birth
weight of human infants is associated with an increased risk of
later obesity (25, 26), which may be due to both genetic factors
and early programming by the intrauterine environment. A
number of studies also show that high postnatal weight gain
increases the risk of later obesity (27-31). We evaluated growth
measures of a group of 4235 German children aged 5-6 y who
participated in the obligatory school entry health examination
in the state of Bavaria, Germany, and for whom data on early
weight, length, body mass index (BMI; in kg/mz), and Ponderal
index evaluation were available from the measurements taken
during the preventive health care checks offered to all children
and obtained at birth and at 6, 12, and 24 mo (13). Overweight
at school entry was assessed according to sex- and age-specific

BMI cutoffs. Growth measures in early life were analyzed as
possible predictors of later overweight by using receiver oper-
ating curves (ROCs) and predictive values. Higher weight gain
from birth to age 2 y was associated with a higher prevalence of
overweight at school entry (Figure 1). For all variables tested,
the highest areas under the ROC (AUC) were observed for the
gain from birth to age 24 mo. The AUC decreased in order from
weight gain (0.76) to BMI gain (0.70) to length gain (0.58) (P <
0.001) (Table 1). The highest Youden index (sensitivity +
specifity — 1) for weight gain from birth to 24 mo (41%) was
attained for a cutoff of 9764 g, with a corresponding likelihood
ratio of 2.39 and a positive predictive value of 19% despite an
odds ratio of 5.7 (95% CI: 4.5, 7.1). We conclude that high
weight gain during the first 24 mo is the best overall predictor of
overweight at school entry, as compared with other anthropo-
metric markers and time intervals.

In accordance with these results, many studies of other pop-
ulations, summarized in 3 systematic reviews, concluded that
rapid weight gain in infancy and in the first 2 y of life is a sig-
nificant risk indicator for later adiposity (33—35). Thus, if infant
feeding can be modified such that very high weight gain is
prevented, a benefit with regard to reducing later obesity risk
appears possible.

BREASTFEEDING AND OBESITY IN LATER LIFE

Many studies have shown that populations of breastfed infants
grow slightly differently than do those of formula-fed infants,
with formula-fed infants reaching a higher body weight and
weight for length at 1 y of age (Figure 2) (37). A systematic
review of 19 studies in affluent populations concluded that the
cumulative difference in body weight amounts to ~400 g less
weight by the age of 12 mo in infants breastfed for 9 mo, and
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FIGURE 1. Higher weight gain from birth to age 2 y (centiles) is
associated with a higher prevalence of overweight at school entry in 4235
children in Bavaria, Germany. Data from Toschke AM, Grote V, Koletzko B,
von Kries R. Is weight gain during the first two years suitable to identify
children at high risk for overweight at school entry? Arch Pediatr Adolesc
Med 2004;158:449-52.
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TABLE 1

Area under the receiver operating characteristic (ROC) curves, cutoffs, and sensitivity and specificity at the highest Youden index for early anthropometric
measurement prediction of overweight at school age in 4235 children in Bavaria, Germany’

Measure Area under the ROC curve Cutoff at highest Youden index” Sensitivity at highest Youden index Specificity at highest Youden index
Age 0-6 mo
Weight 0.63 (0.60, 0.66) 5100 g (19) 45 (40, 50) 74 (73, 76)
Length 0.51 (0.48, 0.55) 20 cm (4) 21 (17, 25) 83 (81, 84)
BMI’ 0.60 (0.57, 0.63) 5(15) 43 (38, 48) 72 (70, 73)
Ponderal index” 0.59 (0.53, 0.60) 0.2 (11) 32 (27, 37) 78 (76, 79)
Age 0-12 mo
Weight 0.68 (0.65, 0.70) 6933 g (27) 68 (63, 72) 59 (58, 61)
Length 0.55 (0.52, 0.58) 26 cm (9) 66 (61, 71) 43 (42, 45)
BMI 0.63 (0.60, 0.66) 4 (20) 66 (62, 71) 53 (51, 55)
Ponderal index 0.57 (0.54, 0.60) —0.3 (11) 64 (59, 69) 47 (45, 48)
Age 0-24 mo
Weight 0.76 (0.74, 0.79) 9764 g (41) 70 (65, 75) 71 (69, 72)
Length 0.58 (0.55, 0.61) 39 cm (13) 45 (40, 50) 68 (66, 69)
BMI 0.70 (0.67, 0.72) 4 (1) 57 (52, 62) 74 (73, 75)
Ponderal index 0.61 (0.58, 0.64) —0.5 (17) 44 (39, 49) 72 (71, 74)

" Weight gain from birth to age 2 y is the best predictor of overweight at school age (32). Data are given as values (95% Cls) unless otherwise indicated.

2 (Sensitivity + specificity) — 1.

? Calculated as weight in kilograms divided by the square of height in meters.

# Calculated as weight in kilograms divided by the length in meters cubed.

as much as 600-650 g less weight at 1 y in infants that are
breastfed for 12 mo (38). Given this rather large effect of infant
feeding choices on infant weight gain, we aimed to study
whether breastfeeding might also confer protection against later
obesity risk.

We evaluated the effect of breastfeeding on the risk of obe-
sity and overweight at school entry in a cross-sectional survey
conducted in Bavaria, Germany (39). Data were collected on
height and weight in 134,577 children who participated in the
obligatory health examination at school entry, and BMI values
were calculated. We determined the 90th- and the 97th centile
values of German children aged 5 and 6 y, which we used as
cutoffs to define overweight and obesity, respectively. In a sub-
group of 13,345 children in 2 regions, early feeding, diet, and
lifestyle factors were assessed by using responses to a ques-
tionnaire completed by parents. We included the data of 9357
children aged 5 and 6 y with German nationality in the final
analysis. Children who were never breastfed had a higher
prevalence than children who had been breastfed of both over-
weight (12.6% compared with 9.2%) and obesity (4.5% com-
pared with 2.8%). A longer duration of breastfeeding after birth
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FIGURE 2. Weight for age (mean z scores plotted against the US National
Center for Health Statistics reference) of infant boys in the breastfed subset and
of all infants in ~2500 boys from the 1993 birth cohort study in Pelotas, Brazil.
Breastfed infants showed faster weight gain in the first 3 mo, but a relative
decline thereafter, and were leaner at 1 y (36).

was associated with a lower prevalence of later obesity: obesity
prevalence was 3.8% for 2 mo of breastfeeding, 2.3% for 3-5
mo, 1.7% for 6-12 mo, and 0.8% for >12 mo (Figure 3).
Similar relations were found with the prevalence of overweight
(Figure 3). The protective effect of breastfeeding was not at-
tributable to differences in social class or lifestyle, but remained
significant after adjusting for confounding factors. Children who
had been breastfed showed a significantly reduced adjusted odds
ratio, as compared with those who were never breastfed, for both
overweight (0.79, 95% CI: 0.68, 0.93) and obesity (0.75, 95%
CI: 0.57, 0.98). Again, the adjusted odds ratios showed a sig-
nificant inverse dose-response relation between duration of
breastfeeding and overweight and obesity, which is compatible
with a causal effect of breastfeeding or breast milk components
on obesity reduction.

After publication of our research (39), a number of other
investigators all over the world have also tested the relation

[Z7] Overweight (BMI >90th. perc.)
Obesity (BMI >97. perc.)
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FIGURE 3. Longer duration of breastfeeding in infancy is associated with
a lower prevalence of both overweight and obesity at school entry in 9357
children in Bavaria, Germany (39). perc., percentile.
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between breastfeeding and later obesity in different cohort
studies. We evaluated published epidemiologic studies (cohort,
case-control, and cross-sectional studies) on the effects of early
feeding mode on later overweight and obesity in a systematic
review and meta-analysis (40). In our evaluation, we included
only studies that adjusted for at least 3 of the relevant con-
founding or interacting factors: birth weight, parental over-
weight, parental smoking, dietary factors, physical activity, and
socioeconomic status. Parental education was accepted as an
appropriate indicator of socioeconomic status. Other inclusion
criteria were as follows: comparable risk estimates as odds ratios
or relative risks had to be reported; age at the last follow-up had
to be between 5 and 18 y; feeding mode had to be assessed and
reported; and obesity as an outcome had to be defined by the
90th, 95th, or 97th BMI percentiles to allow for comparison of
the studies. If risk estimates were calculated for different per-
centile values in a particular study, the estimate for the highest
percentile value was included in the meta-analysis. Electronic
databases were searched and reference lists of relevant articles
were checked. Calculations of pooled estimates were conducted
in fixed-effects and random-effects models, and heterogeneity
was tested by Q-test. Funnel plots and a linear regression
method were used to test for publication bias. Included were 9
studies with >69,000 children. The result of the meta-analysis
showed that breastfeeding was associated with a significant re-
duction of the risk of obesity in childhood and with an adjusted
odds ratio of 0.78 (95% CI: 0.71, 0.85) in the fixed model. A
dose-dependent effect of breastfeeding duration on the preva-
lence of obesity was reported in 4 studies. Funnel plot regression
gave no indication of publication bias.

One year later, Harder et al (41) obtained very similar results
in a meta-analysis with different inclusion criteria and a much
larger number of studies that were evaluated. These authors
found that breastfeeding was associated with a significantly re-
duced pooled adjusted odds ratio for later obesity of 0.75 (95%
CI: 0.68, 0.82). Harder et al (41) also reported a significant re-
lation between duration of breastfeeding and later obesity, in
which each additional month of breastfeeding resulted in a 4%
lower obesity prevalence at later ages. Owen et al (42) published
a meta-analysis that confirmed a protective effect of breast-
feeding in an even larger number of studies that met their in-
clusion criteria, but these authors reported a smaller effect size
with an odds ratios of 0.87 (95% CI: 0.85, 0.89). Seventy-five
percent of the result obtained in their evaluation could be at-
tributed to a single large study in the United States of the
Women, Infants, and Children Program, which supports low-
income women and children. It has been proposed that specific
aspects in this cohort study, such as a high degree of mixed
feeding, might have led to results that differ from other cohort
studies, and hence these results might not be representative of
other breastfed populations. Whereas all these studies are ob-
servational in nature and hence cannot exclude residual con-
founding, the Probit study in Belarus has cluster randomized
hospitals to a program of breastfeeding promotion or no active
intervention, and this study showed a significantly longer du-
ration of breastfeeding with the intervention (43). When the
children were revisited at the age of 6.5 y, measures of obesity in
the intervention and control groups were not different. However,
this study did not compare breastfeeding and formula feeding
because almost all children had been breastfed. Moreover, the

breast-milk substitutes used in Belarus differ from those in other
parts of the world, the prevalence of obesity was rather low in
this population, and the study was underpowered to detect ef-
fects of breastfeeding on obesity. Thus, the Probit study does not
allow final conclusions on the effects of infant feeding on later
obesity.

We conclude that breastfeeding is associated with a modest but
consistent protective effect against later obesity in numerous
observational studies and in 3 meta-analyses. These data should
encourage the promotion, protection, and support of breast-
feeding. The underlying mechanisms for possible protection
by breastfeeding are not known and should be explored. Un-
derstanding of these mechanisms may strengthen the conclusions
on the protective effects of breastfeeding, and, moreover, this
knowledge might help to extend the protective effects to infants
who are not breastfed for long periods by improving the practice
of feeding formula and complementary foods.

WHY IS BREASTFEEDING ASSOCIATED WITH A
LOWER RISK OF OBESITY IN LATER LIFE?

Breastfeeding and bottle feeding of infants differ in numerous
aspects, for example, in the content of nutrients and of non-
nutrient substances such as bioactive factors, the mode of feeding
and infant suckling behavior, and in the mother-infant interaction.
Thus, a large number of hypotheses can be raised to potentially
explain the observed protective effect of breastfeeding against
later obesity. Whereas protection by any breastfeeding and by
a longer duration of breastfeeding persists in many studies after
adjustment for relevant confounders, one cannot fully exclude
potential residual confounding in observational studies. It is not
feasible to randomly assign healthy babies to breastfeeding or
formula feeding for ethical and practical reasons, and hence
indisputable proof for a causal protective effect of breastfeeding
from a randomized clinical trial cannot be obtained. However,
given the modest but consistent protective effects in many studies, as
well as the observed dose-response relation between longer duration
of breastfeeding and greater reduction of later obesity, potential
underlying mechanisms of breastfeeding should be evaluated.

It appears possible that the marked differences in feeding
behavior and mother-child interaction between populations of
breastfed and formula-fed infants are of importance. Formula-fed
babies show a different suckling pattern, a lower frequency of
meals, and longer time intervals between meals than typically
found in breastfed infants (44, 45). In a prospective study of
healthy infants, formula-fed babies aged 6 wk achieved a 20—
30% higher feeding volume than breastfed infants, and they had
fewer meals and fewer nightly feedings at 4 mo of age (46). In
another study, early feeding patterns were predictive of BMI at
3 y of age: infants who showed high-pressure sucking measured
at 2 and 4 wk of age, which indicates a more vigorous feeding
style, showed a higher degree of adiposity at toddler age (47).
Thus, the early feeding pattern may be relevant to later obesity
risk.

Although infant formula shows a stable composition and
organoleptic properties, human milk is remarkably variable in
nutrient content as well as in taste and smell from day to day, and
even from meal to meal, depending on the stage (duration) of
lactation, maternal diet, metabolic state of the lactating woman,
the volume of milk consumed by the baby, and the extent of breast



EFFECT OF EARLY FEEDING ON LATER OBESITY 5S

expression (48). It has been proposed that early exposure to taste
and smell may enhance the later acceptance and consumption of
foods with similar properties (49), and hence breastfeeding, by
way of exposing babies to a variety of flavors, might program
infants to somewhat different food selection and dietary habits
in later life compared with formula-fed infants. This possibility
deserves to be explored further.

It has often been suggested that breastfeeding enhances the
emotional bonding of mother and child, perhaps mediated by
a more intensive skin contact and by the stimulation of maternal
oxytocin release with infant suckling (50, 51). Women who
breastfeed were reported to show a lesser neuroendocrine re-
sponse to stressors, increased parasympathetic nervous system
modulation, lower perceived stress levels, and fewer depressive
symptoms than women who formula-feed, but a possible in-
fluence of confounding factors related to both of these outcomes
as well as to the initial decision to breastfeed must be taken into
account (50, 51). Nonetheless, such neuroendocrine and psy-
chological factors associated with breastfeeding might well have
implications for the later interaction between mother and child
and for associated health-related behavior. Testing long-term
behavioral effects of breastfeeding in humans may pose con-
siderable methodologic challenges, but to some extent animal
models might help to gain insights into these interesting questions.

THE EARLY PROTEIN HYPOTHESIS

Whereas feeding infant formula cannot mimic feeding at the
breast, the composition of infant formula can potentially be made
more similar to the composition of human milk. Differences in
substrate supply between human milk or infant formula might
indeed play a role in programming obesity risk, and we proposed
previously that the greater weight gain in formula-fed infants,
relative to breastfed infants, is caused at least in part by the
different intakes of metabolizable protein (52).

Most infant formulas have a slightly higher energy density
(kcal/100 ml) than typical human milk, and energy intakes per
kilogram of body weight in formula-fed infants aged 3—12 mo
were reported to be ~10-18% higher than those of breastfed
babies (53). Even much larger is the difference in protein supply
per kilogram of body weight, which is 55-80% higher in formula-
fed babies than in breastfed infants (54). High-protein supplies
during pregnancy were shown to decrease energy expenditure
and to increase later adiposity in rodents (55). Other studies in
rodents showed that a high protein and nutrient supply in the
postnatal period induced increased body fat in adult animals (56)
and led to a 10—40% higher body weight in adulthood (57). A
high protein intake in excess of metabolic requirements may
enhance the secretion of insulin and insulin-like growth factor I
(IGF-I) (Figure 4). Infants fed cow-milk protein-based infant
formula were shown to have far higher postprandial concen-
trations of insulin on day 6 of life than breastfed infants (58).
High insulin and IGF-I values can enhance growth during the
first 2 y of life (59, 60) and adipogenic activity and adipocyte
differentiation (61) (Figure 4). Moreover, high protein intakes
may also lead to decreased human growth hormone secretion
and hence to reduced lipolysis. Epidemiologic studies found that
high protein intakes in early childhood, but not high intakes of
energy, fat, or carbohydrates, was predictive of an early occur-
rence of the adiposity rebound and a high BMI in childhood,
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FIGURE 4. The early protein hypothesis: a high protein intake with infant
formula feeding, in excess of metabolic requirements, might induce increased
circulating concentrations of insulin-releasing amino acids, which in turn
might stimulate the secretion of insulin and insulin-like growth factor I
(IGF1), thereby inducing an increased weight gain during the first 2 y of life
as well as increased adipogenic activity.

corrected for parental BMI (62-65). Thus, the markedly higher
protein intake with infant formula feeding, as compared with the
protein supply in breastfed babies, may play a role in predis-
posing infants to an increased obesity risk in later life (the early
protein hypothesis) (1).

Although prospective epidemiologic and experimental studies
can provide arguments to support the early protein hypothesis, the
real effect can be tested only in a prospective human intervention
trial. With financial support by the European Commission’s Sth
Framework Research Program and 6th Framework Research
Program, the European Childhood Obesity Project (http:/
www.metabolic-programming.org) was set up to test, in a ran-
domized double-blind intervention trial, whether higher or lower
protein intakes during the first year of life influence growth until
the age of 2 y as well as obesity risk at the later school age. This
multicenter, randomized clinical trial is being conducted in
5 European countries (Belgium, Germany, Italy, Poland, and
Spain) that differ substantially in the practice of infant and
young child feeding and in their prevalence of adult obesity.
This fact offers the opportunity to combine a multicenter in-
tervention trial on infant formulas that differ in their balance of
protein and fat (provided by Bledina, Steenvoorde, France) with
an epidemiologic observation study that can assess overall di-
etary protein intakes and thus may allow for an additional ex-
ternal validation. We hope that this strategy will allow for
assessment of the effects of variables that differ substantially
within Europe, as well as for assessment of the effects of the
randomized controlled intervention. A breastfed reference group
is included at each center to allow for an epidemiologic com-
parison of the effects of breastfeeding and formula feeding.

We chose growth from birth to age 2 y as the primary outcome
variable on the basis of our previous findings that this measure is
a predictive early biomarker of later obesity risk (13). A number
of further measures are also assessed, including detailed data on
infant diet, infant and lifestyle and behavior, biochemical and
endocrine markers, and markers of renal function. Randomiza-
tion and data collection are performed by Internet-based electronic
case report forms that use specially developed information
technology architecture with a central database and 12 remote
data-entry stations as well as dedicated software that allows for
secure data protection. Effective mechanisms for quality assur-
ance have been established. Data input and transfer to the central
database are supervised by a contract research organization
participating in the project.
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Recruitment for the intervention and follow-up of all par-
ticipating subjects until the age of 2 y has been successfully
completed. The first evaluation of data obtained indicates that the
group of infants randomly assigned to formula with a higher
protein content showed a significantly higher body weight and
BMI at the age of 2 y than the group of infants randomly assigned
to a lower protein supply (66). Provision of the lower protein
content with formula led to normalized growth measures at 2y,
relative to the breastfed reference group. Further data evaluation
is ongoing, and the subjects in the trial are being monitored at
higher ages to explore both the long-term safety and the po-
tential benefits of the intervention at preschool and school age.
However, even the early results obtained might lead to a review
of recommendations for infant feeding and policy and regulatory
guidance, as well as product design, because one aims for
physiologic growth of formula-fed populations similar to that of
healthy breastfed populations (67), and there is no known ad-
vantage of growth patterns of formula-fed babies that deviates
from those of breastfed populations. Therefore, a protein content
of standard infant formula near 1.8 g/100 kcal is desirable.
(Other articles in this supplement to the Journal include refer-
ences 68-75.)

‘We thank the participating families and all project partners for their enthu-
siastic support of the project work and William Cameron Chumlea, Depart-
ments of Community Health and Pediatrics, Lifespan Health Research
Center, Wright State University Boonshoft School of Medicine, Dayton,
OH, for his help in setting up standardized anthropometric measures and
in training the study personnel. The European Childhood Obesity Trial Study
Group researchers are as follows: Annick Xhonneux, Jean-Noel Van Hees,
and Frangoise Martin (CHC St Vincent, Liege-Rocourt, Belgium); Anna
Stolarczyk, Jerzy Socha, Piotr Socha, Roman Janas, and Ewa Pietraszek
(Children’s Memorial Health Institute, Warsaw, Poland); Sabine Verwied-
Jorky, Sonia Schiess, Ingrid Pawellek, Uschi Handel, Iris Hannibal, and
Michaela Fritsch (Dr von Hauner Childrens Hospital, Ludwig-Maximilians-
University, Munich, Germany); Helfried Groebe, Anna Reith, and Renate
Hofmann (Klinikum Niirnberg Siid, Niirnberg, Germany); Joana Hoyos,
Philippe Goyens, Clotilde Carlier, and Elena Dain (Université Libre de
Bruxelles, Brussels, Belgium); Veronica Luque Moreno, and Georgina Méndez
Riera (Universitat Rovira i Virgili, Spain); and Sabrina Tedeschi, Carlo
Agostoni, Flammetta Vecchi, and Elvira Verduci (University of Milan, Italy).

The authors’ responsibilities were as follows—BK: conceived the concept
of the European Childhood Obesity Trial, acts as the principal investigator and
guarantor, acts as the coordinator of the Childhood Obesity Project (CHOP)
and the Early Nutrition Programming Project (EARNEST, http://www.
metabolic-programming.org), and was the principal writer of this manu-
script; RvK and VG: performed the statistical evaluation of the CHOP trial;
RCM, JES, SS, MG, JB, HD, DG, AD, AS, and JPL: contributed to the
conduct of the study; and M-FRC: counseled on standardized anthropomet-
ric measures and training of study personnel. All other authors critically read
the manuscript. The authors had no conflicts of interest and no disclosures to
declare.

REFERENCES

1. Koletzko B, Dodds PF, Akerblom H, Ashwell M. Early nutrition and its
later consequences: new opportunities. New York: Springer Publishers,
2005.

2. Koletzko B. Developmental origins of adult disease: Barker’s or Dorn-
er’s hypothesis? Am J Hum Biol 2005;17:381-2.

3. Dorner G. Perinatal hormone levels and brain organization. In: Stumpf
WE, Grant LD, eds. Anatomical neuroendocrinology. Basel, Switzer-
land: Karger, 1975:245-52.

4. Schmidt I, Schoelch C, Ziska T, Schneider D, Simon E, Plagemann A.
Interaction of genetic and environmental programming of the leptin
system and of obesity disposition. Physiol Genomics 2000;3:113-20.

5. Ozanne SE, Fernandez-Twinn D, Hales CN. Fetal growth and adult
diseases. Semin Perinatol 2004;28:81-7.

6. Plagemann A. ‘Fetal programming’ and ‘functional teratogenesis’: on
epigenetic mechanisms and prevention of perinatally acquired lasting
health risks. J Perinat Med 2004;32:297-305.

7. Barker DJ, Osmond C, Golding J, Kuh D, Wadsworth ME. Growth in
utero, blood pressure in childhood and adult life, and mortality from
cardiovascular disease. BMJ 1989;298:564-7.

8. Singhal A, Lucas A. Early origins of cardiovascular disease: is there
a unifying hypothesis? Lancet 2004;363:1642-5.

9. Cole TJ. Modeling postnatal exposures and their interactions with birth
size. J Nutr 2004;134:201-4.

10. Tu YK, West R, Ellison GT, Gilthorpe MS. Why evidence for the fetal
origins of adult disease might be a statistical artifact: the ‘‘reversal
paradox” for the relation between birth weight and blood pressure in
later life. Am J Epidemiol 2005;161:27-32.

11. Metcalfe NB, Monaghan P. Compensation for a bad start: grow now, pay
later? Trends Ecol Evol 2001;16:254—60.

12. Bansal N, Ayoola OO, Gemmell I, et al. Effects of early growth on blood
pressure of infants of British European and South Asian origin at one
year of age: the Manchester children’s growth and vascular health study.
J Hypertens 2008;26:412-8.

13. Toschke AM, Grote V, Koletzko B, von Kries R. Identifying children at
high risk for overweight at school entry by weight gain during the first
2 years. Arch Pediatr Adolesc Med 2004;158:449-52.

14. Wells JC. The programming effects of early growth. Early Hum Dev
2007;83:743-8.

15. Stettler N. Nature and strength of epidemiological evidence for origins
of childhood and adulthood obesity in the first year of life. Int J Obes
(Lond) 2007;31:1035-43.

16. Singhal A, Lanigan J. Breastfeeding, early growth and later obesity.
Obes Rev 2007;8(suppl 1):51-4.

17. Dunger DB, Salgin B, Ong KK. Session 7: early nutrition and later
health early developmental pathways of obesity and diabetes risk. Proc
Nutr Soc 2007;66:451-7.

18. Koletzko B, von Kries R, Closa Monasterolo R, et al. Infant feeding and
later obesity risk. In: Koletzko B, Decsi T, Molnar D, de 1a Hunty A, eds.
Early nutrition programming and health outcomes in later life: obesity
and beyond. NewYork, NY: Springer (in press).

19. Koletzko B, Girardet JP, Klish W, Tabacco O. Obesity in children and
adolescents worldwide: current views and future directions: Working
Group Report of the First World Congress of Pediatric Gastroenterology,
Hepatology, and Nutrition. J Pediatr Gastroenterol Nutr 2002;35(suppl
2):S205-12.

20. Fisberg M, Baur L, Chen W, et al. Obesity in children and adolescents:
Working Group report of the second World Congress of Pediatric
Gastroenterology, Hepatology, and Nutrition. J Pediatr Gastroenterol
Nutr 2004;39(suppl):S678-87.

21. Koletzko B, de la Guéronniere V, Toschke AM, von Kries R. Nutrition in
children and adolescents in Europe: what is the scientific basis? In-
troduction. Br J Nutr 2004;92(suppl 2):S67-73.

22. Koletzko B. Childhood obesity: time for treatment or prevention? Eur J
Lipid Sci Technol 2004;106:287-8.

23. Summerbell CD, Ashton V, Campbell KJ, Edmunds L, Kelly S, Waters
E. Interventions for treating obesity in children. Cochrane Database Syst
Rev 2003;(3):CD001872.

24. Ashwell M. McCance and Widdowson: a scientific partnership for 60
years. London, United Kingdom: The British Nutrition Foundation, 1993.

25. Eriksson J, Forsen T, Osmond C, Barker D. Obesity from cradle to
grave. Int J Obes Relat Metab Disord 2003;27:722-7.

26. Binkin NJ, Yip R, Fleshood L, Trowbridge FL. Birth weight and
childhood growth. Pediatrics 1988;82:828-34.

27. Ong KK, Ahmed ML, Emmett PM, Preece MA, Dunger DB. Associa-
tion between postnatal catch-up growth and obesity in childhood: pro-
spective cohort study. BMJ 2000;320:967-71.

28. Stettler N, Zemel BS, Kumanyika S, Stallings VA. Infant weight gain
and childhood overweight status in a multicenter, cohort study. Pediat-
rics 2002;109:194-9.

29. Stettler N, Kumanyika SK, Katz SH, Zemel BS, Stallings VA. Rapid
weight gain during infancy and obesity in young adulthood in a cohort
of African Americans. Am J Clin Nutr 2003;77:1374-8.

30. Stettler N, Stallings VA, Troxel AB, et al. Weight gain in the first week
of life and overweight in adulthood: a cohort study of European
American subjects fed infant formula. Circulation 2005;111:1897-903.



31.

32.

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

EFFECT OF EARLY FEEDING ON LATER OBESITY

Chomtho S, Wells JC, Williams JE, Davies PS, Lucas A, Fewtrell MS.
Infant growth and later body composition: evidence from the 4-component
model. Am J Clin Nutr 2008;87:1776-84.

Toschke AM, Vignerova J, Lhotska L, Osancova K, Koletzko B, von
Kries R. Overweight and obesity in 6- to 14-year-old Czech children in
1991: protective effect of breastfeeding. J Pediatr 2002;141:764-9.

. Baird J, Fisher D, Lucas P, Kleijnen J, Roberts H, Law C. Being big or

growing fast: systematic review of size and growth in infancy and later
obesity. BMJ 2005;331:929.

. Monteiro PO, Victora CG. Rapid growth in infancy and childhood and

obesity in later life: a systematic review. Obes Rev 2005;6:143-54.
Ong KK, Loos RJ. Rapid infancy weight gain and subsequent obesity:
systematic reviews and hopeful suggestions. Acta Paediatr 2006;95:904-8.
Victora CG, Morris SS, Barros FC, de Onis M, Yip R. The NCHS
reference and the growth of breast- and bottle-fed infants. J Nutr 1998;
128:1134-8.

Kramer MS, Guo T, Platt RW, et al. Feeding effects on growth during
infancy. J Pediatr 2004;145:600-5.

Dewey KG. Growth characteristics of breastfed compared to formula-
fed infants. Biol Neonate 1998;74:94-105.

von Kries R, Koletzko B, Sauerwald T, et al. Breastfeeding and obesity:
cross sectional study. BMJ 1999;319:147-50.

Arenz S, Ruckerl R, Koletzko B, von Kries R. Breastfeeding and
childhood obesity: a systematic review. Int J Obes Relat Metab Disord
2004;28:1247-56.

. Harder T, Bergmann R, Kallischnigg G, Plagemann A. Duration of

breastfeeding and risk of overweight: a meta-analysis. Am J Epidemiol
2005;162:397-403.

Owen CG, Martin RM, Whincup PH, Smith GD, Cook DG. Effect of
infant feeding on the risk of obesity across the life course: a quantitative
review of published evidence. Pediatrics 2005;115:1367-77.

Kramer MS, Matush L, Vanilovich I, et al. Effects of prolonged and
exclusive breastfeeding on child height, weight, adiposity, and blood
pressure at age 6.5 y: evidence from a large randomized trial. Am J Clin
Nutr 2007;86:1717-21.

Bosma JF, Hepburn LG, Josell SD, Baker K. Ultrasound demonstration
of tongue motions during suckle feeding. Dev Med Child Neurol 1990;
32:223-9.

Mathew OP, Bhatia J. Sucking and breathing patterns during breast- and
bottle-feeding in term neonates. Effects of nutrient delivery and com-
position. Am J Dis Child 1989;143:588-92.

Sievers E, Oldigs HD, Santer R, Schaub J. Feeding patterns in breastfed
and formula-fed infants. Ann Nutr Metab 2002;46:243-8.

Agras WS, Kraemer HC, Berkowitz RI, Hammer LD. Influence of early
feeding style on adiposity at 6 years of age. J Pediatr 1990;116:805-9.
Rodriguez-Palmero M, Koletzko B, Kunz C, Jensen R. Nutritional and
biochemical properties of human milk: II. Lipids, micronutrients, and
bioactive factors. Clin Perinatol 1999;26:335-59.

Mennella JA, Jagnow CP, Beauchamp GK. Prenatal and postnatal flavor
learning by human infants. Pediatrics 2001;107:ES88.

Klaus M. Mother and infant: early emotional ties. Pediatrics 1998;
102(suppl E):1244-6.

Mezzacappa ES. Breastfeeding and maternal stress response and health.
Nutr Rev 2004;62:261-8.

Koletzko B, Broekaert I, Demmelmair H, et al. Protein intake in the first
year of life: a risk factor for later obesity? The E.U. childhood obesity
project. Adv Exp Med Biol 2005;569:69-79.

Heinig MJ, Nommsen LA, Peerson JM, Lonnerdal B, Dewey KG. En-
ergy and protein intakes of breastfed and formula-fed infants during the
first year of life and their association with growth velocity: the
DARLING Study. Am J Clin Nutr 1993;58:152-61.

Alexy U, Kersting M, Sichert-Hellert W, Manz F, Schoch G. Macro-
nutrient intake of 3- to 36-month-old German infants and children: re-

55.

56.

57.

58.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

7S

sults of the DONALD Study. Dortmund Nutritional and Anthropometric
Longitudinally Designed Study. Ann Nutr Metab 1999:43:14-22.
Daenzer M, Ortmann S, Klaus S, Metges CC. Prenatal high protein
exposure decreases energy expenditure and increases adiposity in young
rats. J Nutr 2002;132:142—4.

Kim SH, Mauron J, Gleason R, Wurtman R. Selection of carbohydrate
to protein ratio and correlations with weight gain and body fat in rats
allowed three dietary choices. Int J Vitam Nutr Res 1991;61:166-79.
Jones AP, Simson EL, Friedman MI. Gestational undernutrition and the
development of obesity in rats. J Nutr 1984;114:1484-92.

Lucas A, Boyes S, Bloom SR, Aynsley-Green A. Metabolic and endo-
crine responses to a milk feed in six-day-old term infants: differences
between breast and cow’s milk formula-feeding. Acta Paediatr Scand
1981;70:195-200.

Karlberg J, Jalil F, Lam B, Low L, Yeung CY. Linear growth retardation
in relation to the three phases of growth. Eur J Clin Nutr 1994;48(suppl
1):S25-43.

Hoppe C, Udam TR, Lauritzen L, Molgaard C, Juul A, Michaelsen KF.
Animal protein intake, serum insulin-like growth factor I, and growth in
healthy 2.5-y-old Danish children. Am J Clin Nutr 2004;80:447-52.
Hauner H, Wabitsch M, Zwiauer K, Widhalm K, Pfeiffer EF. Adipo-
genic activity in sera from obese children before and after weight re-
duction. Am J Clin Nutr 1989;50:63-7.

Rolland-Cachera MF, Deheeger M, Akrout M, Bellisle F. Influence of
macronutrients on adiposity development: a follow up study of nutrition
and growth from 10 months to 8 years of age. Int J Obes Relat Metab
Disord 1995;19:573-8.

. Scaglioni S, Agostoni C, Notaris RD, et al. Early macronutrient intake

and overweight at five years of age. Int J Obes Relat Metab Disord 2000;
24:777-81.

Parizkova J, Rolland-Cachera MF. High proteins early in life as a pre-
disposition for later obesity and further health risks. Nutrition 1997;13:
818-9.

Hoppe C, Molgaard C, Thomsen BL, Juul A, Michaelsen KF. Protein
intake at 9 mo of age is associated with body size but not with body fat
in 10-y-old Danish children. Am J Clin Nutr 2004;79:494-501.
Koletzko B, von Kries R, Closa Monasterolo R, et al. for the European
Childhood Obesity Trial Study Group. Lower protein in infant formula
is associated with lower weight up to age 2 y: a randomized clinical trial.
Am J Clin Nutr (in press).

Koletzko B, Ashwell M, Beck B, Bronner A, Mathioudakis B. Char-
acterization of infant food modifications in the European Union. Ann
Nutr Metab 2002;46:231-42.

Atkinson SA. Introduction to the workshop. Am J Clin Nutr 2009;
89(suppl):mm-—mm.

Zeisel SH. Epigenetic mechanisms for nutrition determinants of later
health outcomes. Am J Clin Nutr 2009;89(suppl):mm—mm.

Bouchard C. Childhood obesity: are genetic differences involved? Am J
Clin Nutr 2009;89(suppl):ms-—um

Ordovas JM. Genetic influences on blood lipids and cardiovascular
disease risk: tools for primary prevention. Am J Clin Nutr 2009;
89(suppl):mm—mm,

Symonds ME, Stephenson T, Budge H. Early determinants of cardio-
vascular disease: the role of early diet in later blood pressure control.
Am J Clin Nutr 2009;89(suppl):mm—mm,

Carlson SE. Early determinants of development: a lipid perspective. Am
J Clin Nutr 2009;89(suppl):um—mm.

Field CJ. Summary of the workshop. Am J Clin Nutr 2009(suppl);89:
EE-EE

Rai D, Larson B. Driving research in infant and children’s nutrition:
a perspective on industry. Am J Clin Nutr 2009;89(suppl):mm—mm.



