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Preface

Growth is universally used by health care professionals and caregivers to
judge the well-being of babies and children, and this is based on an extensive
scientific literature linking aberrant growth of either extreme, failure to thrive
or rapid excessive growth, with adverse health and developmental outcomes.
On one hand, poor growth in early life is most commonly associated with poor
neurodevelopmental outcomes, while on the other hand rapid and excessive
growth has been associated with obesity and detrimental cardiovascular out-
comes. While such statements do provide a simple summary, they assume
knowledge of optimal growth patterns and how these can be achieved. With
clear gaps in these areas, the challenge of this workshop was to explore in some
detail the associations of early growth patterns with later neurodevelopment,
obesity, cardiovascular outcomes and longevity in both industrialized and semi-
industrialized societies.

The workshop covered three sessions and involved a number of outstanding
clinicians and scientists, who participated in an often vibrant discussion. The
first session started with an overview and focused on the association of early
growth with obesity and cardiovascular outcomes. Presentations drew on evi-
dence from epidemiological as well as experimental studies, animal models and
mechanistic studies. The second session concentrated on the interrelationship
between growth and neurodevelopment. Some emphasis was placed on vulner-
able groups such as preterm infants and children born in developing and
emerging economies. The role and balance of specific nutrients, including iron
and long-chain polyunsaturated fatty acids, were also highlighted. The final ses-
sion of the workshop considered the control and assessment of physical growth
in some detail. The hormonal control of growth was highlighted. Growth charts
were compared and their relative strengths and limitations discussed.
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Preface

This publication includes all the presentations together with the related
discussions. The concluding remarks provide a comprehensive summary and
conclusions drawn from the deliberations of the workshop.

Alan Lucas

Maria Makrides
Ekhard E. Ziegler
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Foreword

The 65th Nestlé Nutrition Institute Workshop entitled ‘Importance of
Growth for Health and Development’ was held in Kuala Lumpur, Malaysia, on
29 March to 2 April 2009. This workshop intended to follow up on the discus-
sions from the 47th workshop entitled ‘Nutrition and Growth’ in 2000.

At the 65th Nestlé Nutrition Institute Workshop the definition of ‘healthy
growth’ was discussed with respect to the risk of deviations from the standard
in both directions: the risk of accelerated growth in early childhood is associ-
ated with a higher prevalence of obesity and cardiovascular disease. On the
other hand, decelerated growth has a negative impact on cognitive develop-
ment and morbidity. Gestation and the first 2 years of life were identified as
the most vulnerable period for long-term negative outcomes. The role of
nutritional factors, such as iron and LC-PUFAs were reviewed regarding their
importance in different pediatric populations.

We thank the three chairpersons, Prof. Alan Lucas from the UK, Prof.
Maria Makrides from Australia, and Prof. Ekhard Ziegler from the USA,
who are well-known experts in this field for putting together this outstanding
program and inviting as speakers the opinion leaders in the field of health and
development.

We also want to thank Ms. Me: Ching Wong and her team for the excellent
organization of the workshop and the warm hospitality.

Prof. Ferdinand Haschke, MD, PhD Dr. Petra Klassen, PhD
Chairman Scientific Advisor

Nestlé Nutrition Institute Nestlé Nutrition Institute
Vevey, Switzerland Vevey, Switzerland
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Introduction

Lucas A, Makrides M, Ziegler EE (eds): Importance of Growth for Health and Development.
Nestlé Nutr Inst Workshop Ser Pediatr Program, vol 65, pp 1-11,
Nestec Ltd., Vevey/S. Karger AG, Basel, © 2010.

Growth and Later Health: A General
Perspective
Alan Lucas

The MRC Childhood Nutrition Research Centre, Institute of Child Health,
London, UK

Abstract

Whilst growth and its derangement in disease have been a long-standing focus in
pediatrics, increasing evidence points to a further, fundamental role of early growth
in the programming of later health. In studies on animals and humans, rapid early
growth is associated with higher risk of obesity and cardiovascular disease, and in
animals, senescence and life span — a concept encapsulated in the postnatal growth
acceleration hypothesis. This hypothesis explains the benefits of breastfeeding to
infants for reduced cardiovascular disease risk in terms of their slower early growth
and the fetal origins hypothesis in terms of the adverse postnatal catch-up growth
in infants born small. Early growth, notably prior to full term, also influences brain
development and cognition — and emerging evidence suggests diverse, broader
effects, for instance cancer and the onset of puberty. Understanding the mecha-
nisms, triggers and windows for such effects is important, given the major public
health implications, including potential new opportunities for primary prevention of
adult disease.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

In humans, growth is a key feature that distinguishes the pediatric from
adult population. Growth is the traditional measure of overall nutritional sta-
tus. Much scientific attention has been paid to its measurement and derange-
ment in a wide variety of diseases.

More recently, a new focus has been its association with long-term health
outcomes, and in animal models, also senescence and lifespan [1, 2]. Emerging
research on the importance of early growth is providing insights into develop-
mental biology, the early influences on adult health, and potential strategies
for primary prevention of disease.
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Programming

Central to this field is programming [3] — the broader concept that a stimu-
lus or insult at a critical period may have long-term or lifetime effects.

The first studies on critical periods related to imprinting in birds [4]. In
the last 80 years, much work has shown programming effects of early nutri-
tion or growth. The first experimental studies were in animals. McCay, in the
1930s [2], showed reduced energy intake in rats, resulting in growth stunt-
ing, increased lifespan and favorably affected several later health outcomes.
Conversely McCance [5] showed faster early growth in the first 3 weeks in
rats, achieved by reducing litter size, increased final size; using a similar
model, Hahn [6] showed adverse long-term metabolic effects, notably choles-
terol levels. Since then, manipulation of early nutrition and growth has been
shown in numerous animal studies to influence long-term or lifetime blood
pressure, lipid metabolism, body fatness, insulin resistance, atherosclerosis,
bone health, learning and behavior [2, 6-9]. Such long-term effects have been
found in humans in observational studies and, importantly, random interven-
tion trials (RCTs) that can establish causation [3, 10-13].

Growth is fuelled by nutrition, making it difficult to extricate the influence
of these two early factors on later health. Yet, a central programming influ-
ence of growth itself is suggested by the close association between growth
and outcome across numerous species [14] including humans.

Programming of Obesity and Risk of Cardiovascular Disease

Animal studies provide extensive evidence on the programming of obesity
and cardiovascular disease (CVD) risk factors, including atherosclerosis itself.
Lewis [7] showed in infant baboons that an energy-enriched diet, which pro-
duced transient excessive weight gain during the intervention, programmed
late emergence of obesity in adolescence and adult life. Ozanne and Hales
showed in rats that postnatal catch-up growth after nutrient restriction in
utero increased later fatness and reduced lifespan [1]. These examples illus-
trate potentially deleterious effects of rapid early growth now demonstrated
across diverse species including invertebrates, fish, rodents and primates,
reviewed by Metcalfe and Monaghan [14] who present the concept of ‘grow
now, pay later’, referring to the long-term cost of any short-term advantage of
rapid growth.

In 1982, Lucas [15] set up experimental studies (RCTs) in humans to test
the programming concept, initially in preterm infants. Those assigned diets
that promoted more rapid early growth had, 16 years later, higher blood pres-
sure, cholesterol, insulin resistance, leptin resistance and greater endothe-
lial dysfunction (as the earliest marker of the atherosclerotic process) [13,
16]. A subsequent RCT in healthy, full-term but small (SGA) infants showed

2
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those fed an enriched formula that promoted catch-up growth in infancy
had elevated blood pressure [11] and a 37% increase in fat mass 8 years
later.

Based on the animal evidence and these trials, Singhal and Lucas [13]
proposed the postnatal growth acceleration hypothesis — that rapid early
growth (upward centile crossing) increases the risk of later CVD and obesity.
Recently, this hypothesis has been supported by over thirty-five observational
studies showing early growth — including in healthy full-term infants — is asso-
ciated with later fatness or obesity, blood pressure cholesterol and insulin
resistance — the key risk factors for CVD [10, 17-19].

This emerging evidence has major implications for practice and is increas-
ingly underpinning current recommendations.

Breastfeeding and CVD Risk

Numerous observational studies show breastfeeding is linked to reduced
obesity risk, blood pressure, cholesterol and insulin resistance in later life
[13, 20]. Opportunities for experimental studies to confirm causation have
been limited, but in preterm infants Singhal and Lucas [13] were able to
examine cardiovascular risk factors in those infants randomized to banked
donor breast milk or formula 16 years later. The breast milk-fed group had
a >3 mm reduction in diastolic pressure and 10% reduction in cholesterol
(both large effects in population terms), and a reduction in insulin and leptin
resistance.

It is proposed that these apparently beneficial effects of breastfeeding on
later obesity and CVD risk, in accord with the postnatal growth acceleration
concept, relate to the slower growth of breastfed infants [13]. That this is
a plausible interpretation is supported in several ways. Firstly, compara-
tive studies of breast- and formula-fed infants, although complex in their
findings, generally support slower growth in early infancy in the breastfed
group. Secondly, Lucas et al. [21] showed neonatal insulin response to a
breastfeed was substantially less than that to a formula feed, plausibly sig-
nifying lower nutrient intake in the breastfed group. Finally, extensive stud-
ies (Lucas et al.; 1970s-1980s), both using mechanical devices and stable
isotope kinetics [22], showed that the energy content of breast milk was
lower than expected. Thus, expressed breast milk which varies greatly in fat
content and is used for breast milk analyses, contains a higher mean energy
content than milk consumed by the infant (‘suckled breast milk”). Infant
formulas have been traditionally based on the content of expressed milk
and contain around 15% more energy than in suckled breast milk. Thus,
even modern formulas may contain excessive nutrient content, plausibly
causing faster growth. Further evidence that growth is a central factor for
cardiovascular risk comes from our finding (unpublished data) that amongst
exclusively breastfed term infants, those with the fastest growth had the
worst cardiovascular risk profile.
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Fetal Programmaing of CVD

In the later 1980s—-1990s, Barker [23] observed low birthweight was asso-
ciated with increased risk of CVD. This was hypothesized to reflect adverse
programming caused by reduced fetal growth. However, this construct, based
on retrospective observations rather than experimental studies, has been re-
examined. Thus, Lucas et al. [24] noted the association between low birth-
weight and later blood pressure was generally seen only after adjusting for
current weight (when blood pressure was recorded). Yet, this effectively
adjusted birthweight for current weight — a measure of postnatal growth
acceleration. Hence, a reinterpretation of these studies is that low birthweight
is a marker for future rapid growth rather than prior fetal programming. The
postnatal growth acceleration hypothesis was proposed to unify the fetal and
postnatal origins of adult disease, explaining the previous fetal origins con-
cept in terms of the adverse effects of postnatal catch-up growth following
reduced fetal growth. Indeed, in our own data sets, when birthweight and
postnatal growth [13] are allowed to ‘compete’ for the impact on CVD risk, the
birthweight effect is often small or absent.

Overview

Extensive evidence shows early growth is related to later obesity and CVD
risk opening up major opportunities for early interventions to reduce later
morbidity.

Finally, for early programming to influence outcome, subsequent environ-
ment is critical. For instance, Mott’s study in baboons [8] showing the adverse
interaction between breastfeeding and subsequent Western style diet for later
atherosclerosis risk is an instructive model.

Nevertheless, besides programming, clearly genetic and, of relevance here,
other environmental factors, affect long-term obesity and CVD risk. In prac-
tical terms, a balance of risks is needed. Thus, much evidence supports the
view that term infants born small, who are well and come from low risk envi-
ronments should not be fed enriched diets to promote catch-up. However,
early growth promotion should be given precedence over any long-term con-
siderations in undernourished infants in poor health, and in particular, those
in the developing world where poor early growth adversely affects morbidity
and mortality risk.

Early Growth and the Brain

Malnutrition, which may cause stunting and reduced brain growth, has
been much studied in relation to future cognitive ability.

Rodents are often used to test for effects of early nutritional deprivation
on performance because their brain growth spurt occurs during the suckling
period, when nutrition can readily be modified, e.g. by maternal nutritional

4
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deprivation or manipulating litter size. However, behavioral disadvantages for
underfed pups are open to alternative explanations [9]; for instance, nutri-
tional interventions may affect the interaction between pup and mother,
important for behavior.

Ofrelevance to humans (below), areview of studies comparing performance
in previously well-nourished vs. undernourished rats showed a disadvantage
for undernourished animals was more likely if the period of undernutrition
included gestation; and performance was most often affected in males.

Epidemiological Studies in Humans

Numerous observational studies explore whether children with undernu-
trition or stunting underperform [25]. In many, though not all studies, poor
nutritional status was associated with reduced cognition or attainment.
However, these studies are generally highly confounded by poverty, morbid-
ity and lack of stimulation found in malnourished populations.

Some studies have attempted control for this. For instance, a Guatemalan
study was conducted in four villages, with similar populations and lifestyles.
In two villages, a high-energy, high-protein drink was supplied, and in the
others, a low-calorie drink — both available ad libitum to pregnant women and
children up to age 7 years. Those fed the high-energy, high-protein drink had
greater school achievement in adolescence. Sibling controlled studies have
also been used; and in approximately half of these, undernourished children
performed less well than control siblings.

Randomized Trials in Full-Term Infants and Children

In humans, the so-called critical brain growth spurt takes place between
the last trimester of fetal life and 2 years after term, and has been considered
a vulnerable period for undernutrition. Some RCTs of early nutrition have
been conducted during this window, largely in undernourished or stunted
infants from developing countries [25, 26].

In a Taiwanese study, high-risk mothers were randomized to a nutrient-
supplemented or placebo drink during pregnancy and lactation. Infants of
supplemented mothers had a small advantage in motor but not mental devel-
opment at 8 months, which had disappeared by age 5 years.

In Bogota, Colombia, nutritionally at-risk pregnant women were randomly
allocated to six groups; the women, their children, or both received supple-
mentation during different periods of up to 3 years. At 7 years, nutrient-sup-
plemented children performed better in reading readiness tests.

In Jamaica, Grantham-McGregor [25] studied stunted children aged 9-24
months randomly allocated to no intervention, nutrient supplementation,
supplementation and stimulation, or stimulation alone. After a 2-year inter-
vention, both supplemented and stimulated children had significantly higher
Griffith’s mental development scores than controls. But the effects largely
dissipated with longer-term follow-up.
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In West Java, day-care centers for 6- to 20-month-old infants were ran-
domly designated nutrient supplement-providing centers or control centers.
Nutritional intervention lasted 90 days, after which supplemented children
had higher Bayley motor scale scores. Longer follow-up data are unavailable.

Randomized Trial in Preterm Infants

In 1982, Lucas and colleagues initiated RCTs of early diet in hospitalized
preterm infants. In one illustrative trial, neonates randomized to a preterm vs.
standard formula had faster weight, length and head growth. At 7.5- to 8-year
follow-up, males fed the preterm formula had a 12-point advantage in verbal
IQ (VIQ); and more infants fed the term formula had low’ VIQ (<85): 31 vs.
14% for both sexes (p < 0.02). Unpublished data showed the VIQ effect has
persisted into adolescence and hence was likely to be permanent.

These effects on cognition may be underpinned by structural effects on
the brain. Using MRI studies in this same cohort, for instance, use of the pre-
term formula resulted 16 years later in a selective 10% increase in size of the
caudate nucleus — a structure linked in previous studies to 1Q.

That the predominance of the effects of early diet on both IQ and later
brain structure is in males accords with animal data and other human studies
and requires explanation.

Intrauterine Undernutrition

Several studies examine the effect of intrauterine growth on later develop-
ment, but these studies lack experimental design and are confounded by the
potential influence of parental or demographic factors and gestation. A study
on monozygous twins [Edmonds et al., unpubl.] discordant for birthweight
was conducted to investigate the impact of poorer intrauterine growth in the
smaller twin. The study design ensured comparability within each twin pair
for genes, parental IQ, gender and gestation. For each kg reduction in birth-
weight in the smaller twin, a large reduction in later VIQ was seen, compa-
rable to the effect of preterm vs. term formula (above). This and the preterm
study above suggest the period prior to full term is a critical one for nutrition/
growth and brain development.

Braim Growth and Later Cognition

It is widely held that reduced brain growth relating to suboptimal nutrition
adversely affects cognition. Whilst likely, this has been difficult to explore. In the
preterm trial above, use of a standard vs. preterm formula resulted in reduced
short-term head, and therefore brain growth and later impaired VIQ. However,
in a parallel trial, comparing more extreme diets — unsupplemented donated
breast milk vs. preterm formula and resulting in a major difference in early head
growth — there was no difference in later cognition. Perhaps human milk pro-
vided factors that ameliorated its low nutrient content; but regardless of mecha-
nism, head growth alone was not an explanation of the cognitive outcome.

6
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Furthermore, studies relating head size to later cognitive performance
cannot infer nutritional causation since head size is a key biological marker of
cognitive performance regardless of any pre-existing malnutrition or illness
[28]. The significance of head growth needs further exploration.

Individual Nutrients and Cognition

A number of individual nutrients that may influence growth process are
believed to affect cognitive development — notably iron and zinc. Most studies
on iron deficiency, however, are potentially confounded by adverse factors
such as poor social circumstances accompanying iron deficiency.

Of current interest are bioactive factors present in breast milk and now
incorporated into infant formulas, including nucleotides (possible condition-
ally essential nutrients in infancy) and long-chain polyunsaturated fatty acids
(LCPUFA) both of which are believed to influence growth.

Nucleotides have been shown to promote head growth in SGA infants and
in healthy infants (unpubl.). Cognitive outcome studies are pending. However,
LCPUFA supplementation, despite extensive research, is proving less effec-
tive than hypothesized. Two reviews (one in preterm and another in healthy
infants) including 29 RCTs have failed to show convincing effects on growth
or neurodevelopment [29].

Windows for Programming by Early Growth

For programming of CVD risk, current evidence emphasizes the relative
importance of the postnatal rather than prenatal period. The window is unde-
fined, and whilst some studies suggests early infant growth (first weeks) is
critical [13, 18, 30], other evidence suggests growth in the 2nd year is also
influential for later obesity [17] — an important area for future study.

For the brain, the most sensitive period appears to be prior to full term
(fetus or preterm neonate). In full-term infants, evidence for a cognitive
impact of early growth and nutrition is more difficult to interpret. Trials of
nutrient supplementation in malnourished populations yield relatively subtle
effects of unknown longer term significance. Our RCT of nutrient supple-
mentation in term SGA infants showed no cognitive benefits. The cognitive
benefits of breastfeeding have been recently challenged. The effects of iron
supplementation need more rigorous RCTs to remove potential confounding,
LCPUFA supplementation has proved unconvincing. Nevertheless, further
work is indicated.

Paradoxically, fast early growth has advantageous effects on the brain
but adverse effects on later obesity and cardiovascular health. However,
this conflict mostly applies to preterm infants in whom the brain is highly
sensitive. On balance, rapid growth promotion in preterm infants appears
the best compromise, to avoid major neurodeficits. Indeed, preterm infants
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growing fast have no worse CVD risk than healthy infants; and whilst CVD
risk may be reduced by undernutrition, this is unsafe in the preterm popu-
lation.

Mechanisms for Programming Effects

A key question is how the ‘memory’ of an early event is ‘stored’ through
many cell generations during growth and development to be expressed as
an outcome effect later in life [13]. Such memories may be stored through
epigenetic mechanisms. However, for CVD programming increasing evidence
supports the early setting of influential endocrine axes, notably those involv-
ing insulin and leptin — which may influence subsequent satiety [30].

Of biological interest is the range of outcomes that may be influenced by
early growth which include, in humans, not only CVD risk, obesity and brain
development, but possibly lifetime infection and cancer risk. In animals, an
even larger range of outcome effects has been uncovered, including lifespan
[1, 2]. Thus, it is possible that the initial programming stages lead to a ‘cas-
cade’ of multiple downstream effects. This programming cascade needs to be
defined since, hypothetically, future potential pharmaceutical interventions
could affect health outcomes by favorably manipulating the coupling mecha-
nism during critical periods.

Future Perspectives

The new understanding of the impact of growth on health raises key
research questions, notably what are the critical programming stimuli, win-
dows and mechanisms? Current assessment of an individual’s growth itself,
using reference charts, is conceptually flawed, since such charts do not iden-
tify ‘desirable’ growth in terms of health outcomes. Furthermore, we know
little about what aspects of growth and related body composition best predict
later health. These issues have major relevance to public health.
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Discussion

Dr. Haschke: A very challenging introductory lecture, food for thought and a lot

of hypotheses which showed the work of your group during the last 20-30 years. One
fundamental question is how is early nutrition of term infant later influencing growth?
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You indicated that slower growth is better during the first months (the window of
opportunity). We know that breastfed infants during that period grow faster, which
is documented by all international growth charts. The Europe Growth charts indi-
cated higher weight and length gain of exclusively breastfed infants than of formula
fed infants during the first few months of life. How does this match your hypothesis?

Dr. Lucas: 1think there are two separate questions there. One is whether breast-
fed infants grow more slowly, and that is a complex question because there are periods
when breastfed infants grow faster and slower than formula-fed infants. I am suggest-
ing that it’s at the critical periods that they are growing slower because they are con-
suming lower intake; later on, they may grow faster. In terms of the overall window, I
am not suggesting that the window is purely in the first few weeks of life. In fact, there
is evidence that rapid growth right away up to 2 years of age can adversely influence
long-term outcome. It’s just that earlier in life where growth rate is intrinsically faster
and where things are being set that you might actually expect a greater programming
effect.

Dr. Mobarak: In your lecture you stated that the faster growth phenomenon of
a preterm infant is important in terms of parents’ anxiety as they want their baby to
grow fast. At the same time, neonatologists or pediatricians also want the preterm
infant to grow faster for better handling of the baby. But you say that this fast growth
phenomenon has two implications: one is negative and concerns cardiovascular dis-
ease, and the other is positive and concerns cognitive development or mental develop-
ment. How were these randomized control trials conducted in terms of ethics, and to
which diets should we assign newborns to balance the risk of cognitive and cardiovas-
cular problems later in life?

Dr. Lucas: In terms of ethics, at the time when we did these studies in the early
1980s it was simply not known which diets were best and all we were doing was ran-
domly assigning babies to diets that already existed, and in fact we introduced preterm
formulas which weren’t being used in any of the units that we were doing research in
in order to do the trials. So, in a sense, trials actually upgraded the nutrition in some
respects. In terms of the balance of risk, there is no question that you do want pre-
mature babies to grow rapidly. You want them to grow rapidly because of the major
importance of nutrition at that stage for brain growth. The reason why you don’t want
them to grow slowly is because you would produce huge deficits, and we have shown
major differences in mental and motor impairments in babies who are growing slowly.
In terms of cardiovascular disease risk, what we found is that the fast-growing babies
are no worse off than the healthy population. If you compare an infant born at term
with a premature baby growing fast, you will not find a difference in the risk profile.
The babies who do better from a cardiovascular disease risk point of view are those
who are actually being undernourished in the preterm period, and we don’t believe
that undernutrition is a safe thing to do in premature babies. So, everything in medi-
cine is a balance of risk but on balance our view, and I think this is the view that is
supported by current practice, is that you should promote rapid growth in premature
babies on accounts of the brain, you should ignore the cardiovascular effects because
you can only achieve them with what might be regarded as a rather dangerous inter-
vention of deliberately underfeeding these babies with all the potential risks of that.
So, in a sense, although there is potential conflict in the premature baby, in reality I
think the decision is quite clear.

Dr. Moelgaard: How does body composition influence this outcome.

Dr. Lucas: At the moment, the vast majority of programming studies have looked
at body mass that is weight, and actually in some of our studies we have also dem-
onstrated that linear growth has a programming effect. However, you do raise an
important question which I hint at in my paper that clearly we do need to understand
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ultimately in more detail what aspect of growth it is that has greatest programming
significance and that work really hasn’t been done. We are beginning to know more
about what aspects of growth are programmed in terms of fat mass and so forth, but
what we know much less about is what aspects of growth are most likely to trigger
programming effects. At the present time, the whole of the world literature just about
is based on body mass, there is very little more than that at the present time, I don’t
know if you would agree with that Dy Singhal?

Dr: Singhal: 1think that’s my reading of the situation. However, growth has been
shown to program fat mass rather than lean tissue.

Dr. Lucas: Sure, but that’s the outcome. This is the question of whether the com-
position of growth in the immediate postnatal period say is relevant to programming,
in other words if you are more programmed by one quality of growth, and nobody has
really looked at that in detail. I think that’s an important area for research.

Dr. Makrides: 1 have a conceptual question. You have made an excellent case for
growth being a mediating factor for neurological development as well. Do you think
there is room for nutrition or specific nutrients to influence neurological development
independent of growth?

Dr. Lucas: Yes, absolutely, and when I produced the first slide with the construct I
was saying that one of the prominent ways in which nutrition may operate is through
the mediation of growth, implying that it may be that nutrition has a wide range of
other effects. There are a number of essential nutrients like iodine, for instance, that
have an effect on neurodevelopment and may not necessarily work through a growth
process but might actually work by stimulating critical growth processes within the
brain that then have subsequent effects. So we don’t know the answer to that, but I
would suspect that nutrition can operate in other ways. The only reason I haven’t been
talking about those is because this is a workshop on growth.

Dr. Daniel: With reference to prematurity, is there evidence to suggest that actual
gestation makes a difference? Is the effect the same in the early gestation and the later
gestation?

Dr. Lucas: 1t depends what you are talking about. If you are talking about brain
programming, the more mature you are probably the less sensitive you are. If you are
talking about cardiovascular programming, our data at least suggest it doesn’t matter
when you are born, whether you are born at 26 weeks gestation or term, the postnatal
period is an important one for cardiovascular programming. So it would appear as
though brain development is on a chronological time clock if you like, whereas cardio-
vascular programming depends to an extent on birth whenever that occurs. That’s the
best interpretation of current data; obviously, we have got several days ahead of us to
argue about these important details.
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Abstract

The current obesity epidemic has affected even the youngest children in our soci-
eties, including those in the first months of life. Animal experiments suggest that the
early postnatal period may be critical to development of healthful energy homeostasis
and thus prevention of obesity. In humans, observational studies and follow-up of ran-
domized feeding trials show that rapid weight gain in the first half of infancy predicts
later obesity and higher blood pressure. Despite the mounting consistency of results,
several questions remain to be answered before clinical or public health implications
are clear. These include the need for body composition data in infancy and data from
the developing world to identify modifiable determinants of gain in adiposity in the
early weeks of life, to mount interventions to modify these determinants, to examine
tradeoffs of more vs. less rapid weight gain for different outcomes, and to incorporate
any interventions that prove to be efficacious into clinical and public health practice
in a cost-effective manner.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Obesity is now the most burdensome and costly nutritional condition
worldwide. Childhood obesity not only presages adult obesity, diabetes, and
heart disease, but it is also harmful to the child [1]. Overweight and obese
children are at higher risk for developing asthma and orthopedic problems,
they have worse cardiometabolic risk profiles, and they suffer psychosocial
adversity. Once obesity is present, tenacious physiological processes resist
weight loss [2]. By age 5 years, childhood obesity is fairly resistant to change
throughout the remainder of childhood [3]. For these reasons, early child-
hood prevention of obesity is a key to avoiding myriad health problems. But
how early in childhood?
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Infancy is a period of rapid growth in stature and in neurocognitive, motor,
and social development. Weight gain in the first 6 months is primarily gain
in fat, whereas fat-free mass accumulates preferentially after that age [4].
Organs and systems are in developmentally plastic stages in which they may
be particularly sensitive to perturbations. For example, in rat experiments
from almost half a century ago, modification of energy intake in the first
weeks of life had lifelong effects on weight gain even if normal energy intake
was restored afterwards [5]. In contrast, energy reduction later in life had
only a transient effect on weight gain. In a more recent rat model, admin-
istration of leptin postnatally abolished the otherwise permanent offspring
metabolic effects of prenatal maternal energy restriction [6]. These and other
animal experiments raise the possibility that the early postnatal period may
be critical to development of healthful energy homeostasis and thus preven-
tion of obesity and related conditions.

These issues are brought into sharper focus by the fact that the current
obesity epidemic has affected even the youngest children in our societ-
ies. In a large study from a US-managed care population, from the early
1980s to the early 21st century the prevalence of overweight and obesity
among 0- to 6-month-old infants rose from 10.4% to 17.0% [7]. Increases
in older infants and preschoolers were more modest. Thus, questions natu-
rally arise about infancy as a key period for development of obesity and its
consequences.

Several studies now address the role of growth during infancy as a pre-
dictor of later adiposity. In 2005, for example, Baird et al. [8] published a
systematic review of 10 studies that assessed the relation of infant weight
gain with subsequent obesity. Relative risks of later obesity ranged from 1.17
to 5.70 among infants with more rapid weight gain in the first year of life.
Associations were consistent for obesity at different ages and for people born
over a period from 1927 to 1994.

Since 2005, more observational studies have appeared, some with mea-
sured adiposity outcomes, not just body mass index (BMI). Yliharsila et al.
[9] measured body composition with an 8-polar bioimpedance system among
almost 2,000 Finnish adult men and women whose weights and heights were
available from child welfare and school records. Gain in BMI from birth to age
1 year, or 1 to 2, was associated with later lean, but not fat, mass. The authors
did not subdivide the first year of life further, but inspection of the published
figures in Barker et al. [10] from the same cohort gives the impression that
the BMI of Finnish men who eventually developed coronary heart disease
increased in the first ~3 months before decreasing (fig. 1).

Among several hundred French boys and girls, Botton et al. [11] showed
that weight gain velocity after the age of 3 years predicts fat and fat-free mass
in adolescence, as measured by a foot-to-foot bioimpedance device. In that
study, weight gain velocity at 3 and 6 months predicted adolescent fat mass
better than weight gain velocity at 1 or 2 years. The data from the French
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Fig. 1. Mean z scores for height, weight, and body mass index in the first 11 years
after birth among boys who had coronary heart disease as adults. The mean values
for all boys are set at zero, with deviations from the mean expressed as standard
deviations (z scores). Reproduced with permission from Barker et al. [10].

cohort agree that weight gain velocity at age 1 or 2 years is a poor predictor
of later fat mass.

Earlier data from the Finns [10] suggest that increasing BMI over the entire
period from birth to 2 years does not predict higher (and may actually predict
lower) risk of coronary heart disease as an adult, and data from Delhi on risk
of impaired glucose intolerance appear to agree [12].

However, as in the Finnish cohort, early infancy in the Delhi cohort
appeared to be a special period: gain in BMI in the first 6 months was related
to both BMI and sum of skinfolds in adulthood [13].

Among 234 British 4- to 20-year-olds, Chomtho et al. [14] examined asso-
ciations of early weight gain with fat mass and fat-free mass measured by
the gold standard four-compartment model. They found that weight gain in
the first 3 months of life predicted both fat mass and fat-free mass, weight
gain from 3 to 6 months predicted fat mass only, and weight gain from 6 to
12 months predicted neither. Weight gain in the early months also predicted
centrally deposited fat as indicated by waist circumference and (less so) by
trunk fat mass estimated from dual X-ray absorptiometry.

Some data are emerging on relations of infant weight gain with cardiometa-
bolic risk factors. In the US cohort study Project Viva, gain in weight-for-length
from 0 to 6 months predicted not only higher BMI and sum of skinfolds, but
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Fig. 2. Predicted difference in systolic blood pressure at age 3 years according to
quartile of weight-for-length z score at birth and age 6 months, adjusted for child
age, sex, height, and blood pressure measurement conditions, and maternal income,
education, race, ethnicity, and smoking status. Reproduced with permission from
Belfort et al. [15].

also blood pressure at age 3 years [15]. In a recent study from the UK’s Barry
Caerphilly cohort, a steeper trajectory of weight gain in the first 5 months of
life predicted higher blood pressure in adulthood [16]. In both of these stud-
ies, birthweight was inversely related to blood pressure level, in agreement
with many other studies [17]. In the Viva cohort, the effect of infant growth on
3-year blood pressure was more pronounced in infants born small-for-dates
(fig. 2), but no similar effect modification by fetal growth was evident for BMI
and skinfold outcomes. In the SWEDES study, weight gain from 0 to 6 months
predicted not only adiposity but also a metabolic risk score at age 17. Gain
from 3 to 6 years did not predict this cluster of metabolic risk factors [18].

Some other studies also indicate that weight gain in the first half of infancy
is more predictive of later obesity than is weight gain later in infancy or child-
hood. For example, in a formula-only fed population, Stettler et al. [19] showed
that weight gain in the 1st week of life was directly associated with overweight
in adulthood. In a cohort culled from electronic medical records of well-child
visits in a managed care organization, we recently observed that upward cross-
ing of 2 major weight-for-length centiles in the first 6 months was both common
and predicted a high risk of obesity 5 years later. Upward crossing from 6 to 12,
12 to 18, or 18 to 24 months was less common and less predictive (fig. 3).

As reported elsewhere in this volume, Lucas and Singhal have published a
series of observational follow-up studies of a subset of participants in feeding
trials of premature infants. The findings suggest that weight gain in the first
few weeks is directly associated with adolescent blood pressure and plasma
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Fig. 3. Prevalence of obesity for boys at age 5 years (BMI >95th percentile) predicted
by crossing upwards two major percentile lines on the CDC growth charts from 1 to 6,
6 to 12, 12 to 18, and 18 to 24 months of age. Unpublished data from HMO Nutrition
Surveillance System.

insulin and leptin [20]. In more recent trials, term small-for-gestational age
infants randomized to energy-enriched formula had more rapid weight gain
from 0 to 9 months and higher fat mass and diastolic blood pressure at age
6-8 years [21].

Thus mounting evidence suggests that the first few months are critical for
development of obesity and its related health conditions. This observation
reveals a number of research imperatives:

1 The need for longitudinal body composition measures during infancy
(the exposure period). Most studies have employed only weight mea-
surements. Using weight-for-length is an improvement if length is mea-
sured by research standards [22]. Even the addition of length, however,
is suboptimal. While weight and length are relevant for clinical decision
making, relying on these as exposures in research studies does not pro-
vide sufficient information to investigate mechanism and determinants.
For example, part of weight gain during infancy comprises lean mass
rather than fat mass. Whether rapid increase in lean mass predicts
adverse outcomes as well as fat mass is not known. Also in most of the
existing literature, representation from developing countries, where
stunting and wasting are still prevalent, is limited. The same is true for
lower-income and racial/ethnic minority populations in western societ-
ies. More data are required to determine if, and why, associations differ
across these and other populations.
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2 The need to identify the modifiable determinants of gain in adiposity
in the early weeks of life that also underlie long-term risks of obesity-
related sequelae. Some determinants of infancy weight gain may pre-
dict later obesity, others not. Often we assume that mode of infant
feeding must explain any association of infant weight gain with later
obesity, but this assumption is not necessarily true. In Project Viva,
while longer breastfeeding duration was associated with lower preva-
lence of obesity at age 3, this effect did not appear to be mediated by
weight gain in the first 6 months (unpubl.). Also, in a seeming para-
dox, breastfeeding results in faster weight gain in the first few months
than formula feeding; only later in infancy do breastfed infants have
lower weights [23]. Perhaps overfeeding due to lack of responsiveness
to infants’ satiety cues is more germane than just breast vs. bottle. It
is also plausible that prenatal factors could play a role, factors such as
maternal smoking, gestational weight gain, alterations in glucose-insu-
lin homeostasis, or other nutrient-hormonal adaptations in the mater-
nal-placental-fetal unit [24]. A preliminary analysis from Project Viva
shows that gestational diabetes, as well as umbilical cord blood leptin
concentration, is associated with less rapid gain in weight-for-length
from birth to 6 months [25].

3 Once determinants are identified, the need to mount interventions to
modify these determinants. As the nutritional, hormonal or other path-
ways that lead to harmful levels of weight gain are likely to be complex,
so must any interventions to modify them take these complexities into
account. In addition, interventions that improve some health outcomes
may not do the same for others (see next section).

4 The need to examine tradeoffs of more vs. less rapid weight gain for
different outcomes. At least among infants born preterm, more rapid
weight gain in early infancy predicts better neurocognitive outcomes in
childhood [26, 27]. Whether this same situation holds with term infants
is less clear [28]. Thus, the amount of weight gain that optimizes both
neurocognitive and cardiometabolic risk may differ by gestational age.

5 The need to educate clinicians, policy makers, and parents about the
findings from these studies. It will not be enough to have pediatric cli-
nicians identify rapid gainers from the usual growth charts, because
the proper response is not yet known. For example, attempting to
modify energy intake or expenditure among infants who are entrained
by prenatal hormonal or genetic pathways to gain weight on a certain
trajectory may cause at least as much harm as good. Should effective
interventions be identified, a further challenge will be to incorporate
such interventions into clinical and public health practice in a cost-
effective manner.

‘How big should my baby be?’ is a question on the mind of most parents.

Researchers, clinicians, and the public health community need to be able
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to answer that question. But they also need to address the follow-up chal-
lenge of how to achieve this optimal size for each infant. The answers to these
questions hold great promise for prevention of obesity and related health
outcomes.
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Discussion

Dr. Sunga: In the Philippines, we also have an increasing incidence of obesity, and
we have produced cross-sectional studies which looked at the association between
cardiovascular risk factors and outcomes. Can you please define early growth or steep
weight gain so that we would know when to intervene? Does this correspond to a
weight of >2 standard deviations?

Dr. Gillman: In the US, there are typical ways the clinicians will flag excessive
weight gain. They look at the growth charts and they look at the number of percentile
lines that children cross. My point about the early infancy is that we are still in a stage
of discovery rather than clinical application. We found that upward centile crossing
in the first months of life does predict later obesity and other obesity-related conse-
quences, but that doesn’t tell us what to do about it. We need to find out more about
the determinants of this phenomenon and the modifiable determinants of them before
we can say what to do because I am a little concerned about clinicians finding babies
who are crossing centiles and doing something to prevent that, which may do them
more harm than good.

Dr. Islam: Is it possible to define the critical level of rapid weight gain in early
infancy that can be a predictor of risk factors in later life.

Dr. Gillman: When we translate population epidemiologic findings into clinical
decision making, there are whole series of steps we really should go through before
we get to a point where we are sure about a clinical decision. So the first step is trans-
lating relative risks to absolute risks, and that’s part of what we did here, so these
are actually probabilities, not relative risks, because we make clinical decisions on
absolute risks, not on relative risks. But then, the second thing would be what can
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we do about it, how effective are those interventions, what are the risks and benefits
and how cost effective are the interventions, and I think we are only two steps into
that whole clinical decision making round, and that’s why I don’t think there should
be a grand statement or an authoritative organization saying what we should do about
upper crossing in early infancy. I am glad to hear the counter argument to that, but I
tend to be rather cautious clinically until things are proven.

Dr. Mobarak: Concerning your studies on early infantile growth which implicates
cardiovascular disease. I was wondering whether you have taken into account poten-
tial confounding factors such as obesity, genetics, diet, parents’ education and home
environment. Did you do a control study for these things? Could you say that there is
an effect of modification?

Dr. Gillman: In all the observational studies I have shown, the investigators
have taken into account potential confounding factors. A confounding factor would
be some third factor underlying both the infant growth and the later outcome that
actually explains why the two are related, a noncausal explanation. In our studies in
Project Viva, we always take account of the maternal and the paternal BMI; we take
account of the demographic factors and the socioeconomic factors, as well as try to
take account of some of the things that happen between birth and say 3 years of age
like the diet and the physical activity of the child him or herself. In those particular
studies that I showed you from Project Viva, taking account of these factors actually
didn’t change the estimates very much. Still, in observational studies we are left with
the concern of residual confounding. In other words, did we not measure something
that really accounts for this relationship, and that’s why it’s important to combine the
data of observational studies with randomized control trials and with animal data to
get the totality of the evidence and our best evidence of causation. Each of these
study designs has strengths and weaknesses, and the totality of them gives us the best
answer. Your other question is about effect modification; that question would be, is the
relationship of infant weight gain and later obesity different in different subgroups, for
example a higher or lower socioeconomic group, a different race or ethnicity, or for
example if the mother is less or more obese. We haven’t done those studies yet, but we
are in the process of doing them.

Dr. Mehta: How can we alter infant feeding to change the trajectory of growth?

Dr. Gullman: 1 showed the slides on breastfeeding and how breastfeeders gain
more weight in the early months of life just to raise the question about whether
this is all a feeding phenomenon or whether it’s really entrained by prenatal factors
like the hormonal milieu. I want to point out that we need to raise new questions
about what the determinants of growth are, and if it’s something about maternal
placental fetal hormonal factors that is entraining the weight or even the adiposity
gain in the first 6 months of life, that leads us to new questions and possibly new
interventions.

Dr. Davies: Could you make some comments about the apparent protective effect
of prolonged breastfeeding on the development of overweight obesity in children?

Dr. Gillman: 1 think the state of the evidence is actually murky. Most observa-
tional studies, meta-analyses and systematic reviews of observational studies suggest
that there is a protective effect of breastfeeding, either initiating, duration or exclusiv-
ity, on the incidence or prevalence of obesity later in life. The evidence that we have
from the biggest randomized control trial, the one in Belarus, suggests that that’s not
true, and there is one meta-analysis of observational studies that suggests when you
take all the confounding into account, maybe you don’t have any effect. I don’t know
of any studies that suggest that breastfeeding promotes obesity, so I think at the end
of the day there is probably going to be some small to moderate relationship between
duration of exclusive breastfeeding and protection against later obesity.
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Dr. Makrides: 1 have a question that relates to the interaction between the hor-
monal and feeding milieu. You mentioned that leptin levels in cord blood weren’t
related to nutritional factors that you measured during pregnancy. After birth, leptin
does appear in breast milk. Can you comment on the variability of leptin in breast
milk and whether we need to consider hormonal feeding interactions in the post-birth
period?

Dr. Gillman: One of the hypotheses about how breastfeeding, especially breast
milk could protect against later obesity, is through active hormones within the breast
milk, one of which might be leptin, and leptin is contained in breast milk. One of my
endocrinologist colleagues says that the leptin molecule in breast milk is too big to be
absorbed by term infants, and so I think there is a question out there about whether
the immature gut actually could let some of the leptin in, and maybe it’s different
in premature and term babies. I think there are some very interesting questions out
there about the bioavailability of leptin in breast milk and whether it could actually be
a mediator of breastfeeding effect on later growth and obesity rates.

Dr. Lucas: 1feel I need to respond to a rather provocative remark that you made
about the limitation of infant nutrition to modify health outcomes or particularly you
are talking about obesity. When you look at the experimental studies in both pri-
mate models and rodent models, strict experimental interventions that only involve
postnatal nutrition have dramatic effects on long-term cardiovascular disease risk
and obesity, and those studies that have been done in an experimental fashion in
humans, both in preterm and term infants, admittedly much more limited number
of studies than in animals, have shown exactly the same things. Now it is to say that
randomized manipulation of early nutrition has produced changes in cardiovascular
and fatness if you like risk profiles. So how do you match that with the epidemiologi-
cal data?

Dr. Gillman: 1t’s entirely possible for infant feeding and breastfeeding or breast
milk in particular to have an impact on later cardiovascular risk without being medi-
ated through weight gain in the first 6 months. Today, we are talking about early
growth and its prediction of later obesity and cardiovascular disease, and maybe the
determinants of this phenomenon are different from infant feeding. It’s possible that
infant feeding does good things later but this isn’t the way it does it. In terms of the
evidence from randomized control trials, my own reading is that it’s mixed because
the trials that you and Atul have done suggest that there is some benefit both in term
SGA and preterm on adiposity and cardiovascular disease outcomes, whereas the
breastfeeding promotion trial in Belarus does not, and there are certainly differences
among those trials. Michael Kramer’s Byelorussian trial is a cluster randomized trial in
a large population in a country that wasn’t quite westernized in the 1980s. It resulted
in further large differences in duration and exclusivity of breastfeeding, but everyone
breastfed, there wasn’t a formula-fed comparison group. So different trials answer dif-
ferent questions and we try to put all the evidence together.

Dr: Lucas: The animal studies which you quote show major differences in growth,
like the Mecan study with major differences in later outcome. One may attempt to
extricate growth and nutrition, but growth was an important part of the short-term
response to nutrition as well as the long-term one. So it is difficult just to eliminate all
that evidence if you like on growth as well as nutrition.

Dr. Gillman: The first thing is, I don’t want to eliminate the evidence, the second
thing is I was provocative on purpose, the third thing is that rats are not humans, and
oftentimes the magnitude of the intervention we do on animal studies is a lot more
than the natural variability in humans.

Dr. Haschke: Upward crossing of percentiles is associated with higher probability
of later obesity. You used the CDC charts. Have you made the effort to use the WHO
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charts? The 90th and 95th percentiles are quite different from the respective CDC
charts. Therefore, the outcome might be different.

Dr. Gillman: We're just actually starting to do this in the same data set, and what
we’ve shown so far is that using the 95th on the CDC charts or the 97th on the WHO
charts or using weight-for-length or BMI in WHO, you get almost the same prediction
of age 5 obesity. That’s a static measure within infancy; we haven’t yet done the cross-
ing percentiles analysis but we should do in the near future.

Dr. Ke: What should the clinician be monitoring, is it weight, length, weight-for-
length or BMI? And how useful is BMI before the age of 2 years because the IUDF
cutoffs are all from 2 years onwards.

Dr. Gillman: The new WHO growth standards do have BMI before the age of 2 and
I think the question is, what are the relationships between these growth parameters
in the first 2 years of life and later outcomes, using either BMI or weight-for-length or
this growth standard or that growth standard. So far, in our preliminary data it looks
like using BMI or weight-for-length in the WHO standards gives you about the same
prediction of obesity later, so it may very well turn out that using BMI before age 2 is
a reasonable thing to do. People have argued about what the superscript on length
should be in the denominator of measures of body mass before the age of 2, should we
look for some exponent that makes the term as unrelated to length as possible, that’s
one way to look at it, and another way to look at it is to see what the prediction of
these things for later outcome is. And the question about clinical implications, I think
it’s true that upward crossing of percentiles shows you who is at greater risk later for
obesity-related outcomes, but I am going to stick to my guns here and say that I don’t
think we know what the clinical implications are yet.

Dr. Atici: Sometimes, exclusively breastfed healthy babies overgrow. Do you think
that these babies are at an increased risk for cardiovascular diseases or any metabolic
disease or obesity?

Dr. Gillman: In the randomized control trial in Belarus, the Probit study, the sub-
jects are all breastfeeders. The intervention group had longer duration and exclusivity
than the control group, and at least at age 6 there weren’t any differences in weight
or blood pressure. I am involved in a collaboration to follow up those kids to age 11 to
look at better indices of body composition through skinfolds as well as some cardio-
metabolic markers in blood. One other comment is that we need to have much bet-
ter information on what we mean by breastfeeding because mother-infant pairs who
breastfeed do it in many different ways: there is expressed breast milk vs. nursing,
people may tap off any breastfeeding with a formula feed, and they might put some-
thing in the bottle. Therefore, a lot of times in epidemiology we don’t measure the
infant feeding very well and that’s another thing we need to do.

Dr. Singhal: The original data which showed that a higher nutrient intake could
influence growth acceleration and long-term risk of obesity were actually collected
from breastfed infants [1, 2]. In all of our studies, the same effects of faster growth
are seen in formula-fed and breastfed infants [3]. There are also populations such as
those from Iceland, which are almost entirely breastfed and where you see exactly the
same phenomena [3]. So, although we don’t have any experimental data on breastfed
infants, all of the epidemiological findings apply to both formula-fed and breastfed
infants.
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Abstract

A large body of epidemiological data suggests that adverse early environments,
including obesity during pregnancy or early postnatal life, are linked to an elevated
prevalence of metabolic disease in adult offspring. The mechanisms underlying these
effects are still poorly understood, but recent data from rodents provide insight into
a potential role for the brain in this ‘metabolic programming.” This review summarizes
the developmental changes that have been observed in the hypothalamus in response
to changes in the early nutritional and hormonal environment. It also discusses how
resetting a diverse array of neuroendocrine systems may have long-term effects on the
regulation of metabolism and energy balance.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

The incidence of obesity is increasing at alarming rate worldwide. This
trend ominously predicts that parallel increases in the prevalence of diseases
such as type 2 diabetes and metabolic syndrome will soon follow. Many risk
factors for obesity have been long established and include both sociological
and genetic factors. In addition, a number of human epidemiological and ani-
mal studies have indicated that neonatal nutrition and maternal environmen-
tal factors may also have long-term effects on obesity. Maternal obesity and
diabetes during pregnancy increase the incidence of offspring obesity and
associated diseases such as type 2 diabetes. Similarly, maternal malnutrition
and low birthweight with accelerated newborn-to-adolescent weight gain also
increase the risk for developing obesity and metabolic syndrome [for review
see 1, 2]. These observations have led to the hypothesis that an adverse
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intrauterine and/or early postnatal environment during critical window(s) of
development can program an individual to be more susceptible to metabolic
diseases during adult life. However, the mechanisms by which the neonatal
environment causes lasting perturbations in the body’s energy balance have
not been fully elucidated. Brain development has long been known to be par-
ticularly sensitive to changes in the perinatal environment. A number of factors
affect the development and subsequent function of the brain. These include
stress hormones, sex steroids and, more recently, nutrients and metabolic
hormones. This review attempts to summarize our current understanding of
hypothalamic development within the context of metabolic programming.

Importance of the Hypothalamus in Regulating Feeding and
Energy Balance

Appetite, energy expenditure, and metabolism are carefully regulated
by the central nervous system. Lesion experiments and recently developed
neuroanatomical methods and mouse genetic models have proven to be of
critical importance for clarifying the detailed organization of neuronal path-
ways involved in the regulation of feeding and energy balance [3]. These
approaches have defined the circuitry in the hypothalamus that appears to
be an essential part of the homeostatic regulation of the energy balance [3].
Primary importance has been assigned to neurons within the arcuate nucleus
of the hypothalamus (ARH). The ARH has long been associated with obesity
and contains neurons that respond directly to a variety of hormonal and nutri-
ent signals, including leptin, insulin, ghrelin, amino acids, and glucose [3]. The
ARH contains a collection of heterogeneous neuronal populations, some of
which play essential roles in the regulation of energy balance. One subpop-
ulation of arcuate neurons coexpresses neuropeptide Y (NPY) and agouti-
related peptide (AgRP). These neurons promote feeding and are activated
by appetite-stimulating signals, such as ghrelin. Another group of neurons
in the ARH coexpresses a-melanocyte-stimulating hormone (derived from
the proopiomelanocortin, POMC, precursor) and cocaine and amphetamine-
regulated transcript. These neurons promote weight loss and are stimulated
by anorexigenic factors, such as leptin. Both AgRP/NPY and POMC neurons
send extensive projections to other parts of the hypothalamus, including the
paraventricular (PVH) and dorsomedial (DMH) nuclei of the hypothalamus,
as well as the lateral hypothalamic area (LHA). All of these hypothalamic
regions also play important roles in controlling feeding and energy balance.
Projections to the PVH are of particular interest since this nucleus provides
major inputs to brain stem regions that regulate autonomic functions and also
contains hypophysiotropic neurons that regulate hormonal secretions from
the anterior pituitary. Recent work suggests that extra-hypothalamic sites,
such as the ventral tegmental area (in the midbrain) and the nucleus of the
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tractus solitarius (in the brain stem), may also be crucial for homeostatic and
nonhomeostatic control of energy balance [4].

Development of Hypothalamic Feeding Circuits

The development of the hypothalamus begins with neurogenesis in the
proliferative zone of the neuroepithelial cells lining the third cerebral ven-
tricle. This involves divisions that generate progenitor cells that ultimately
produce postmitotic neurons. These newborn neurons subsequently migrate
laterally from the proliferative zone of the third ventricle to form the vari-
ous nuclei and areas that constitute the hypothalamus. Birthdating studies
in mice revealed that neurons located in key hypothalamic nuclei known to
control energy homeostasis are born prenatally and within distinct tempo-
ral domains [Ishii and Bouret, unpubl. data; for rat studies see 5]. The neu-
rons found in the dorsomedial nucleus and in the LHA are born between
embryonic day (E) 12 and E14. The ARH and ventromedial nucleus (VMH)
exhibit a relatively long neurogenic period. Many neurons are born as early
as E12, but some are generated as late as E16. In contrast, the paraventricu-
lar nucleus shows a short neurogenic period restricted to E12. It is largely
unknown when specific hypothalamic cell types are born. Gene expression
studies indicated that neurons in the ARH first express POMC mRNA on E12
[6], and NPY-immunoreactive cell bodies are found in the ARH as early as E14
[7]. The mRNA expression of both orexigenic (NPY, AgRP) and anorexigenic
(POMC, cocaine and amphetamine-regulated transcript) neuropeptides con-
tinues to increase in the ARH during the postnatal period, reaching maximum
expression levels by postnatal day 15 [8]. The extent to which hormonal fac-
tors influence these transcriptional changes is unknown, but recent studies
suggest that the elevated levels of leptin that occur during postnatal life likely
contribute to such patterns of gene expression [8-10].

Although neuronal proliferation occurs prenatally, hypothalamic neural
connectivity is largely immature at birth and is primarily established postna-
tally. In part because of its importance for the regulation of feeding, the first
systematic study used axonal labeling to define the ontogeny of neural pro-
jections from the ARH [11]. The results indicated that ARH neural projections
innervate the DMH at P6, whereas innervation of the PVH and LHA occurs at
P10 and P12, respectively. Moreover, these projections are not fully mature
until the 3rd week of life, when pups begin to leave the microenvironment of
the nest and search for solid food. Projections containing AgRP/NPY develop
in a temporal pattern that generally matches the development of neural pro-
jections from the ARH [12]. Whether ARH neurons containing anorexigenic
peptides (such as POMC neurons) extend their axons at the same time as
those containing orexigenic peptides (e.g. AgRP/NPY) remains unknown. It
is, however, intriguing that both NPY and melanocortin can modulate food
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intake before ARH projections become fully mature [10, 13]. These observa-
tions suggest that pathways other than ARH projections are responsible for
weight and feeding regulation during early postnatal life. Because efferent
projections from the DMH and VMH appear to develop prior to those from the
ARH [11], it is likely that these neural pathways are the primary regulators of
feeding and metabolism during early postnatal life.

Together, these data indicate two important neurodevelopmental periods,
one in utero and the other postnatal, during which alterations in the neona-
tal environment may affect hypothalamic neurogenesis and axonal formation
and have long-term consequences on feeding and metabolism.

Factors Influencing Hypothalamic Development

Leptin

Circulating hormones that affect the brain represent important signals
reflecting peripheral energy status, and may therefore influence the develop-
ment of central mechanisms that regulate food intake and bodyweight. In this
regard, elevated levels of circulating leptin, originally reported by Ahima et al.
[14], were shown to occur when animals need to maximize food intake to sup-
port growth and maintain high thermoregulatory metabolic rates to optimize
survival [15]. These physiological requirements seem to contradict an anorec-
tic role for leptin during early stages of postnatal development. Consistent
with this hypothesis, treatment of rodents with exogenous leptin does not
increase milk intake or metabolic rates until after weaning. However, leptin
is transported across the blood-brain barrier during early stages of postnatal
life [16], and its receptors are expressed and competent in the developing
hypothalamus, particularly in the ARH [8, 16]. These startling observations
suggest that leptin may possess different functions during neonatal brain
development independent of energy balance regulation [1, 14]. Because the
neonatal surge in leptin appears to coincide with the development of major
hypothalamic feeding circuits [11], it has been postulated that neonatal leptin
may influence the development of these circuits [17]. This hypothesis has
recently been tested through neuroanatomical experiments performed in lep-
tin-deficient (ob/ob) mice. Axonal labeling of ARH axons revealed that ARH
neural projections are severely reduced in ob/ob mice and that leptin defi-
ciency causes a significant delay in the formation of projections from the ARH
to each major target nucleus [17] (fig. 1). For example, while numerous ARH
axons innervate the PVH at P12 in wild-type animals, very few ARH axons
were observed in this region in ob/ob littermates. Furthermore, disruption of
the ARH pathways in ob/ob mice appears to be permanent, since even on P60,
a stage considered as mature with respect to the regulation of energy homeo-
stasis in mice, a lower density of ARH axons innervating each of the hypotha-
lamic sites involved in the control of energy homeostasis was observed (such
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Fig. 1. Neurotrophic actions of the adipocyte-derived hormone leptin on hypothalamic
feeding circuits. Elevated leptin levels are distinctly observed during the first 2 weeks
of postnatal life in rodents. Instead of regulating food intake and bodyweight, the
neonatal leptin surge appears to be an important trophic factor for the development
of hypothalamic feeding circuits, and is critical for normal energy balance and
hypothalamic regulation later in life. Consequently, mice lacking leptin (ob/ob mice)
display abnormal development of neural projections from the arcuate nucleus to the
paraventricular nucleus of the hypothalamus. In addition, leptin appears to exert its
maximal effects on axonal formation during a restricted postnatal period.

as the PVH, DMH and LHA). Similar to the most important developmental fac-
tors, leptin seems to act primarily during a restricted postnatal critical period,
which coincides with the naturally occurring surge in leptin [17]. The precise
limits of this period of maximal sensitivity to the developmental activity of
leptin remain to be defined, and it is still possible that prenatal exposure to
leptin may influence other neurodevelopmental events, including neurogen-
esis or development of nonhypothalamic circuits. It will also be important to
identify the molecular factors that mediate leptin’s actions on hypothalamic
development. A recent study used microarray analysis to study a set of genes
that are specifically enriched in the VMH during postnatal development [18].
The identification of Satb2 as a VMH gene regulated exclusively by leptin
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during postnatal development has provided evidence that this transcription
factor might be involved in the leptin pathway that is active during hypotha-
lamic development.

The physiological relevance of the postnatal leptin surge has been sup-
ported by several observations. First, neonatal leptin treatment causes a long-
term reduction in food intake in ob/ob mice [17]. Second, inhibition of the
endogenous surge of leptin in normal rats results in increased susceptibility
to the development of diet-induced obesity during adulthood [19]. Third, pre-
mature leptin surges (either prenatally acquired or induced by leptin supple-
mentation in normal newborns) have lasting consequences on weight gain,
glucose homeostasis, and leptin sensitivity [20]. Together, these data indicate
that the correct timing and amplitude of the postnatal leptin surge appear to
be required for normal energy balance regulation and that alterations in lep-
tin levels during critical periods of postnatal development may therefore have
long-term effects on feeding and metabolism.

Maternal Nutrition

As noted above, a plethora of rodent and human studies have suggested
that intrauterine nutritional status affects the later metabolic fate of an indi-
vidual. The developmental programming of hypothalamic neuroendocrine
systems by the perinatal environment represents a possible mechanism by
which increased energy intake during pregnancy predisposes the offspring
to developing metabolic syndrome. For example, maternal obesity not only
causes offspring obesity, but it also results in persistent changes in the
expression of appetite-regulating genes in the hypothalamus [21]. Offspring
of dams fed a 40% excess in nutrient intake during late pregnancy dem-
onstrated a permanent increase in hypothalamic POMC mRNA expression
when compared to control animals [21]. In addition, a maternal high-fat diet
results in upregulation of galanin expression (another orexigenic peptide) in
the PVH and orexin in the LHA [22]. In addition to altering gene expression,
maternal overnutrition during pregnancy also affects central leptin sensitiv-
ity, as demonstrated by the attenuated levels of leptin-induced phosphoryla-
tion of the signal transducer and activator of transcription 3 (pSTATS3, a key
leptin receptor intracellular signaling pathway) in the ARH of offspring born
to dams fed with a high fat diet [23]. Considering the importance of leptin
signaling in the development of hypothalamic neural projections [24], it is
tempting to speculate that the reduced leptin signaling observed in offspring
of obese dams also leads to abnormal organization of hypothalamic feeding
circuits.

Other studies have investigated the importance of maternal undernutri-
tion in metabolic programming. These studies revealed that severe maternal
undernutrition sufficient to induce intrauterine growth retardation results in
obesity in the offspring and has important effects on the expression of key
hypothalamic genes involved in energy balance regulation. Specifically, down-
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regulation of POMC mRNA levels was reported in the ARH and a reduction
in POMC-immunoreactive fiber density was found in the PVH [25], indicating
an overall reduction in the melanocortinergic tone of animals born to under-
nourished dams. Similar to maternal overnutrition, undernutrition during
pregnancy causes reduced central leptin sensitivity in the offspring [20]. The
amount of proteins consumed during pregnancy also appears to influence
appetite-related networks. Maternal protein restriction causes hypoinsuline-
mia in the offspring and is associated with increased NPY levels in the PVH
and LHA at weaning [26]. Importantly, exposure to high doses of NPY during
early postnatal development has been linked to permanent changes in food
intake in adults [27].

Paradoxically, similar developmental and physiological outcomes are
observed in offspring born to both under and overnourished mothers.
Because manipulation of the maternal diet induces changes in various meta-
bolic parameters, it may be difficult to determine which factor causes the
adverse metabolic and neuroanatomical outcomes observed in the offspring.
However, leptin represents a likely candidate for this metabolic programming.
Indeed, neonatal leptin levels are tightly regulated by maternal nutrition [for
review see 1, 2], and neonatal leptin therapy appears to reverse some of the
deleterious consequences of maternal undernutrition [28]. However, whether
neonatal leptin supplementation reprograms metabolism by affecting hypo-
thalamic development and plasticity remains to be investigated.

Postnatal Nutrition

Epidemiological studies comparing the outcomes of breastfeeding versus
formula feeding provide clear evidence for the importance of early post-
natal feeding in energy balance regulation in humans. Animal studies also
confirmed the importance of early postnatal nutrition on later metabolism
and have suggested that postnatal nutrition may also play an important
role in programming the hypothalamic feeding systems (fig. 2). Using an
animal model of divergent litter size, Plagemann [29] demonstrated that
animals raised in small litters (three pups per litter) displayed increased
bodyweight and adiposity during adult life. These metabolic abnormalities
were associated with reduced expression of leptin receptor and increased
mRNA expression of the orexigenic peptides NPY and AgRP in the ARH
after weaning [30]. In addition, postnatally overnourished rats displayed
abnormal responsiveness of VMH neurons to leptin: while leptin is a major
stimulatory signal for VMH neurons in normal animals, it has mainly an
inhibitory effect on VMH neurons in rats raised in small litters [31]. Postnatal
overnutrition not only influences neuronal activity, but also affects the
architecture of the neural circuitry involved in energy balance regulation.
When compared to normally nourished animals, mice raised in small litters
displayed a reduced density of ARH axons innervating the PVH [Bouret and
Simerly, unpubl. data].
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Fig. 2. Possible mechanisms by which the fetal and early neonatal environment may
program adult metabolic diseases. The developing hypothalamus is highly sensitive to
changes in the hormonal and nutritional environment. Thus, alterations in the perinatal
environment or genetic predispositions can impact the development and subsequent
function of hypothalamic circuits known to control feeding and energy balance. These
effects appear to be mediated to some extent by abnormal leptin secretion or signaling
during critical periods of fetal and postnatal development.

Genetic Factors

In addition to environmental perturbations, clear evidence now indicates
that genetic factors may also influence the formation of neural pathways
involved in energy balance regulation. The rodent model of diet-induced
obesity (DIO) is particularly suitable for this area of research, as DIO rats
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share various features with human obesity, including polygenic inheritance
[32]. In outbred Sprague-Dawley rats fed a moderate-fat, high-energy diet,
about one half develop DIO, whereas the remaining rats are diet resistant
and gain no more weight than chow-fed controls [33]. Importantly, DIO rats
exhibit central leptin resistance even before the animals are exposed to
the high-energy diet [24]. The DIO genotype adversely influences neural
development. Animals born to DIO dams display marked differences in the
development of hypothalamic neural circuits that normally distribute leptin
signals in the brain and are known to regulate energy homeostasis [24]. In
vitro data suggest that the neurodevelopmental abnormalities observed in
DIO rats are due to the reduced responsiveness of hypothalamic neurons to
the trophic action of leptin that normally occurs during postnatal life [24].
Interestingly, early onset exercise in rats genetically predisposed to DIO
ameliorates weight and adiposity gain as well as central leptin sensitivity for
10 weeks after exercise cessation [34]. These data suggest that the postna-
tal environment can override genetic factors that predispose an individual
to obesity. These studies also emphasize the importance of prevention, par-
ticularly in juvenile populations with higher susceptibility to the develop-
ment of obesity.

Conclusions

Altogether, these studies indicate that functional hypothalamic neural sys-
tems may acquire their unique properties during restricted developmental
periods under the influence of both genetic and environmental factors. There
is very clear evidence that nutritional changes during critical periods of life
can impact hypothalamic development and function, with lasting effects on
feeding and metabolism (fig. 2). One of the key mechanisms for metabolic
programming of the brain is leptin signaling during critical periods of fetal and
postnatal development. As with most important developmental hormonal fac-
tors, neonatal leptin can be beneficial or detrimental to hypothalamic feeding
pathways and later metabolism, depending on the timing and amplitude of
action. It is likely that other environmental factors, such as exercise or stress,
may also influence the development and function of neural systems involved
in energy balance regulation, perhaps with cumulative effects when combined
with metabolic factors. Approaches to minimize or reverse the consequences
of such early life events may have therapeutic importance.
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Discussion

Dr. Gillman: My question is both for the ob/ob model where you've administered
leptin as well as the undernourished/overnourished litter size model. How much have
you or others followed these animals up for phenotype for the later complications that
you hypothesized might exist.

Dr. Bouret: Our group studied the long-term effects of neonatal leptin injections in
ob/ob mice. We injected leptin into ob/ob mice from P4 to P16, then stopped the injec-
tions, and 3 weeks later we evaluated food intake and bodyweight. Interestingly, the
ob/ob mice that were treated with leptin neonatally displayed a reduced food intake as
compared to vehicle-treated pups [1]. Also, Vickers et al. [2] found that neonatal lep-
tin injections in offspring born to prenatally undernourished rats also had long-term
impact on energy balance regulation. So, it appears that neonatal leptin may have
enduring and functional effects on feeding and energy balance regulation.

Dr. Gillman: And how about in the litter size-manipulated animals?

Dr. Bouret: We followed these animals until postnatal day 180, and found that
both undernourished and overnourished animals displayed increased adiposity and
abnormal glucose tolerance when they became adult. In addition, if animals raised in
small litters are given a high-fat diet after weaning, they exhibit a higher sensitivity to
diet-induced obesity as compared to normally nourished animals.

Dr. Gillman: 1think it’s great that you are looking at mechanisms and body com-
position and later outcomes because I think sometimes we stop at bodyweight and
that sometimes gives us the right answer and sometimes it doesn’t.

Dr. Bouret: You are absolutely right that being ‘fat’ or overweight is not necessarily
a good indicator of obesity-related risks such as diabetes or cardiovascular disease. But
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having more visceral fat as compared to subcutaneous fat, for example, may provide
a better explanation of these risks. In this regard, the MRI is a great noninvasive tool
to evaluate specific fat depots. Interestingly, our MRI analyses indicated that animals
that were raised in small and large litters did not have any differences in subcutaneous
fat, but displayed increased visceral fat that was accompanied by the development of
diabetes.

Dr. Lucas: When you did the litter size manipulation experiment, you got a lovely
gradation that you would expect in body size at follow-up and you got a very nice
gradation in leptin response, and yet when you looked at the hypothalamus the under-
nourished and the overnourished groups produced a similar disorder. In other words,
you didn't get a gradient of effect at the hypothalamic level. Can you explore that
further, that was sort of rather unexpected.

Dr. Bouret: The data on hypothalamic development of both overnourished and
undernourished animals can indeed be surprising because we may think that if leptin
deficiency has a negative impact on hypothalamic development, then high levels of
leptin may be beneficial for hypothalamic development. However, it appears that it’s
not just having leptin or not that is important for proper hypothalamic development,
but it’s rather to have the correct amount of leptin at the correct time. Not enough
leptin is not good, but too much leptin is not beneficial either because it can create,
for example, early leptin resistance. Also, two recent papers indicated that not only
the correct amplitude, but also the correct timing of the postnatal leptin surge are
required for normal regulation of energy homeostasis in later life [3, 4].

Dr. Wainaina: 1 wanted you to comment on the thrifty theory because in my
country we have children who are undernourished in their early life. They are less
sensitive to obesity and if they are able to take more in the early life, they survive
better. The fact that they are able to eat the little that is available, they eat better and
they survive better. Later on in life, when they become adults they have enough food.
In my country, at the moment 10% of the adults have type 2 diabetes. What message
do I carry on from here?

Dr. Bouret: 1t is difficult to give a simple answer to this question and, according
to the talks we have heard this morning, it seems that birthweight is not the only
determinant of obesity risk in adult life. The amount of weight that an individual gains
during development is another important determinant for obesity and diabetes risks.
So the message can be to avoid rapid growth and weight gain during critical periods of
postnatal development as long as it does not interfere with the patient’s health.

Dr. Mobarak: 1wonder if we could do a similar study in humans, like an RCT. If we
plan to do an RCT with human neonates, what sort of ethical issues could we face.

Dr. Bouret: Itisveryimportant for a basic science researcher to consider any impli-
cation of his research for public health. However, there is still a considerable amount of
research to be done before applying our animal research to humans. In particular, there
is an urgent need to better understand normal brain development in human beings and
determine how it is comparable to rodents. For example, human brains may exhibit
different periods of vulnerability as compared to rodent brains based on the temporal
and regional maturation patterns of the hypothalamus. In addition, any interventions
in kids or babies will require the use of noninvasive methods such as MRI. Equally
important will be to convince parents that it is important to treat their babies even
before they develop the disease as it is the case for perinatally acquired obesity.

Dr. Domelldf: Does leptin have this important trophic effect on hypothalamic neu-
rons also in humans and, in that case, during which developmental period in the fetus
or newborn?

Dr. Bouret: Unfortunately, not much is known about hypothalamic development
and critical periods in humans. In rodents, it appears that the period of maximal
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sensitivity for leptin starts during the embryonic life and ends around the first 2-3
weeks of life. In humans, it is believed that brain development is finished at birth, so
one may think that the critical period for leptin’s actions in humans may be restricted
to late gestation. In fact, Dr. Lucas mentioned this morning that the environment dur-
ing late gestation is more critical for brain development than the early postnatal life.
However, the human hypothalamus may still be sensitive to neurotrophic cues after
birth and remain relatively plastic until puberty. So I think that the key period for
brain development in humans is during the embryonic life, but there are still opportu-
nities for interventions until puberty.

Dr. Ziegler: My question is related to the previous one. Do human infants have a
distinct leptin surge that you showed in mice and if yes, when does it occur?

Dr. Bouret: It is not clear whether humans also have a distinct leptin surge during
neonatal life. One of the reasons is because there are many factors that can influence
leptin secretion and that cannot be controlled in humans, so it’s very hard to have
accurate and reliable measures of leptin secretion in infants and fetuses. However,
several papers reported, in humans, elevated levels of leptin in the mother’s blood
during gestation. In addition, the human placenta is also known to produce leptin, so
the leptin produced by the mother and the placenta may act on the fetus to promote
fetal development. In addition, it has been reported that leptin levels rise just before
puberty in humans. We should also keep in mind that human milk also contains rela-
tively high levels of leptin.

Dr. Moelgaard: Do you know anything about the interaction with any of the other
hormones like choline or adiponectin?

Dr. Bouret: Of course, leptin is not the only hormone involved in hypothalamic
development. Insulin, glucocorticoids, IGF as well as many other metabolic and non-
metabolic hormones, may all play a very important role in brain development and
plasticity. Also it’s probably not a single hormone that is important for hypothalamic
development but it’s rather multiple hormones that act together and synergistically to
promote hypothalamic development. .

Dr. Lucas: In the neonatal period in humans, there are quite a number of quite
defined unmarked hormonal surges, testosterone, gut hormones and so forth. Are you
saying that there isn’t a leptin surge or that hasn’t been looked at?

Dr. Bouret: Several papers have looked at leptin levels and reported elevated lev-
els of leptin during both pre- and postnatal life in humans. However, there was no
clear indication of distinct leptin surge, as it has been reported in rodents. It does
not mean that there is no leptin surge in humans, it just means that it has not been
detected yet.

Dr. Lucas: The importance of the question which I am sure that Dr. Ziegler was
getting at is the extent to which the rat is a good model for humans in terms of early
leptin physiology, but maybe there is a lot more to learn about that before we could
throw a parallel.

Dr. Bouret: The issue of rodent versus human development is indeed very impor-
tant. The general thinking is that brain development in humans is mostly complete at
birth, in contrast to rodent brains, which continue to develop postnatally. However,
these observations are primarily based on cortical and hippocampal development, and
we still know relatively little on hypothalamic development in humans. Considerable
amount of work needs to be done to determine exactly when the hypothalamus devel-
ops in humans and if it remains sensitive to neurotrophic cues during postnatal life.

Dr. Lapillonne: What is the trigger or what are the triggers of this postnatal surge
of leptin?

Dr. Bouret: 1t is highly probable that multiple factors trigger the postnatal leptin
surge. In particular, other hormonal signals, such as insulin, may influence neonatal
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leptin levels. Another important factor that can trigger the leptin surge is maternal
milk, and particularly the fat it contains.

Dr. Cooke: Mechanistically, how do you explain visceral adiposity in the under-
nourished and the overnourished rat pups?

Dr. Bouret: Here is my thinking: these animals have reduced leptin sensitivity, so it
seems that both neonatally overnourished and undernourished animals develop some
kind of leptin resistance which may contribute to this increased adiposity. Also, in
addition to having an effect on the brain, postnatal nutrition may influence adipocyte
proliferation/differentiation, which may also explain the increased visceral adiposity
observed in overfed and underfed animals.

Dr. Cooke: To what extent do insulin and leptin interact, in that chronic hyperin-
sulinemia in rats may alter the pituitary adenoreceptor response and inhibit lipolysis.

Dr. Bouret: These animals are chronically hyperinsulinemic and have impaired
ITT. Because insulin and leptin share common intracellular signal transduction path-
ways [5], it is possible that these two metabolic hormones may also act synergistically
to mediate their neurotrophic effect.

Dr. Cooke: Which might explain the visceral adiposity because chronic hyperinsu-
linemia may downregulate visceral B-adrenoreceptor-mediated lipolysis [6].

Dr. Bouret: You are absolutely right. It is also important to note that the hyperin-
sulinemia is observed as early as the 1st week of life and persists throughout life.

Dr. Hiippi: Do you measure food intake in these animals, which is fairly difficult to
do during the feeding, because that would relate to a change in the hormonal regula-
tion or a change in anorexic or orexic behavior.

Dr. Bouret: We didn’t measure food intake in our animals in part because it is tech-
nically very hard to get an accurate measure of food intake in mouse neonates and in
mice in general. In our animal model of divergent litter size, pups have different access
to food: animals raised in small litters have more food available as compared to animals
raised in large litters. But the nutrients contained in the milk are the same in small and
large litters. So it appears that the quantity of milk ingested during postnatal life is an
important determinant of normal metabolic regulation in adult life.

Dr. Cooke: Just to follow through a little. Is there any interaction between leptin
and ghrelin?

Dr. Bouret: 1think that ghrelin is also a very important factor that influences appe-
tite. However, the importance of ghrelin in early life programming of appetite is still
poorly investigated. Nevertheless, it has been reported that ghrelin can have a trophic
action on pancreatic cells, but we still don’t know if ghrelin has similar trophic actions
in the brain. In fact, we are currently investigating this hypothesis as well as studying
potential synergetic effects between leptin, insulin and ghrelin.

Dr. Singhal: 1 just want to make a comment. In humans, there is evidence to sug-
gest that in the 1st week of life there is no relationship between change in leptin and
body mass index [7, 8]. Humans are probably leptin resistant early on, especially those
born small for gestation, and this may stimulate rapid postnatal growth. So, I think
that there are parallels between the human and animal data.
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Abstract

Effects of in utero and early life conditions on adult health and disease such as car-
diovascular disease and type 2 diabetes are well documented by epidemiological and
clinical observations. Animal models including intrauterine artery ligation, maternal
restriction of iron, protein or general caloric intake, provide invaluable tools to under-
stand mechanisms linking early growth and later diseases in adult life. In addition, the
rodent model of maternal protein restriction has revealed that longevity can be influ-
enced either positively or negatively by early growth patterns. Recent rapid advances
in the ageing field using model organisms involving caloric restriction and genetic
mutation as well as gene overexpression demonstrated the importance of insulin/
IGF-1 signaling pathways, oxidative damage and SIRT1 in the regulation of lifespan.
Studies using rodent models of maternal protein restriction suggest that alteration in
insulin metabolism, changes in expression of antioxidant defense systems and in levels
of oxidative damage (including telomere attrition) may also play a key role in regula-
tion of lifespan by the early environment. It is suggested that neuroendocrine systems
and epigenetic modification may be the potential mechanisms underlying beneficial
or detrimental effects of early growth on the regulation of lifespan. Further studies in
this area are warranted.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

It is now well established that growth patterns in fetal and early postnatal
life can have consequences on long-term health including risk of developing
traditionally adult-onset diseases such as type 2 diabetes and cardiovascular
disease. More recently, it has been demonstrated that early growth patterns
can influence longevity. There is strong evidence from both human and ani-
mal studies that the environment and in particular nutrition play an impor-
tant role in mediating these relationships.
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Epidemiological Data

Barker [1] was the first to report relationships between fetal growth and
adult disease using UK-based cohorts. The author demonstrated that there
was a linear relationship between birthweight and risk of developing cardio-
vascular disease, type 2 diabetes and metabolic syndrome. The increased
risk of disease was substantial in low birthweight individuals with the low-
est birthweight individuals being at 6-fold increased risk of type 2 diabetes
and at 18-fold increased risk of the metabolic syndrome. It was subsequently
demonstrated that the relationship between birthweight and type 2 diabetes
occurred in monozygotic twins [2]. The genetic identity of monozygotic twins
suggests that the relationship between early growth and type 2 diabetes can
be independent of genotype.

Thrifty Phenotype Hypothesis

In light of the epidemiological observations, it was proposed that early
nutrition played a key role in mediating the relationships between early
growth and adult disease. Hales and Barker termed this the ‘Thrifty
Phenotype Hypothesis’ [3]. They proposed that in response to impaired
nutrient supply, the growing fetus will make adaptations in utero in order
to maximize metabolic efficiency regarding the storage and usage of fuels,
to increase chances of immediate survival postnatally. This included sparing
the growth of the brain at the expense of other tissues such as the endo-
crine pancreas as well as programming metabolism in a manner that pro-
moted fuel storage. The programming of such a phenotype would continue
to be beneficial if conditions of poor nutrition were extended into postnatal
life. However, in the presence of adequate or plentiful nutrition, these adap-
tations become detrimental and predispose to the development of obesity
and metabolic dysfunction.

Importantly, this hypothesis recognized that there are interactions
between early growth and later nutritional exposure. Those that were growth
restricted during fetal life, but subsequently grow rapidly and achieve a
higher bodyweight, were most affected. These individuals typically had an
increased adiposity in childhood and later adult life, and are insulin resistant
[4].

Accelerated Early Postnatal Growth
The importance of rates of growth during early postnatal life has become
apparent from a number of epidemiological studies. A study of 7-year-old

South Africans revealed that those children with low birthweights but who
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underwent rapid childhood weight gain had the worst glucose tolerance [5].
Similar deleterious effects of poor fetal growth followed by rapid postnatal
growth have been observed in a cohort of Finnish men and women [6]. It
was also observed that individuals who developed type 2 diabetes had below
average birthweights but above average heights at age 7 and age 15. This
again suggests that the increased risk of diabetes associated with small size
at birth is further increased by high growth rates in childhood. Rapid growth
during early life has also been associated with increased risk of cardiovascular
disease. A study in Finland showed that the highest death rate from coro-
nary heart disease occurred in men who were thin at birth but whose weight
caught up postnatally such that they had an average or above average body
mass from the age of 7 years [7].

Animal Models

A large number of animal models have been established to investigate the
mechanisms underlying the relationship between early growth patterns and
longer-term metabolic health. Despite the differences in model design, the
resulting metabolic outcomes in these models are remarkably similar. This
suggests that disruption in fetal and early growth may act through common
mechanisms to produce the adult phenotype. However, few of these have
focused directly on effects on ageing and longevity.

Global Caloric Restriction

A reduction in maternal caloric intake, of varying severities, has been
widely used to induce intrauterine growth restriction (IUGR) in both rodent
and other large animal models. In one relatively severe model, pregnant rat
dams restricted to 30% of ad libitum intake during gestation produce off-
spring that are hyperphagic, hyperinsulinemic, develop obesity and hyper-
tension and exhibit reduced activity levels [8]. In a more moderate model,
food restriction to 50% of control intake in rat dams from day 10 of preg-
nancy also resulted in low birthweight offspring. These studies identified that
low birthweight animals, cross-fostered to and suckled by control-fed dams,
undergo early catch-up prior to weaning. In adulthood, these offspring dis-
played an increased bodyweight, adiposity and had raised circulating leptin
concentrations compared with control animals. Similarly, a persistent reduc-
tion in B-cell mass in the pancreas has been demonstrated in offspring of
50% food-restricted rat dams, indicating that inappropriate development of
the endocrine pancreas is likely causal in the later glucose intolerance and
insulin-deficient phenotypes [9].
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Intrauterine Artery Ligation

A disruption in blood flow to the fetus, causing uteroplacental insuffi-
ciency, is the most common cause of IUGR in human pregnancy in developed
countries. Experimentally, this can be induced through ligation of the uter-
ine arteries, in either a unilateral or bilateral manner. In the rat, offspring
develop a diabetic phenotype, associated with reduced insulin secretion and
decreased insulin action. Recent studies suggest that this is related to a pro-
gressive change in the epigenetic regulation of the transcription factor Pdx1
postnatally, leading to a permanent decrease in the expression and function
of this transcription factor [10].

Hypoxic Model

Reduced oxygen delivery during fetal life has profound effects on the
development of the cardiovascular system and increases risk of hyperten-
sion and heart disease in later life. Exposure to a hypoxic environment (9.5%
oxygen compared with ~21% in normoxic conditions) has been reported
to induce severe IUGR and to affect both litter size and offspring weight at
birth [11]. In neonatal offspring of rat dams exposed to chronic hypoxia dur-
ing pregnancy, heart weights were increased. Offspring displayed increased
blood pressure and reduced recovery from ischemia/reperfusion events,
which would be expected to predispose to increased risk of cardiovascular
events in later life [12].

Maternal Iron Restriction

Maternal anemia is common during human pregnancy, and has long-term
detrimental effects on offspring health, including increased risk of cardiovas-
cular events and behavioral and learning problems. Experimental manipu-
lations in which rat dams are iron-restricted during pregnancy gives rise to
offspring of low birthweight who have increased heart weights at birth and
exhibit hypertension in later life [13].

Glucocorticoid Overexposure

An overactive hypothalamic-pituitary-adrenal (HPA) axis is one fea-
ture that is common in growth-restricted humans, with low birthweight
individuals having higher circulating cortisol levels in adulthood compared
with those of normal birthweight [14]. Thus, high levels of glucocorticoid
(GC) exposure are associated with fetal growth retardation. In both human
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pregnancy and experimental animals, fetal GC concentrations are deter-
mined not only by circulating maternal levels, but also by placental conver-
sion of active GC to inactive forms, by the placental 11B3-HSD2 enzyme. It
has been demonstrated that birthweight is directly related to the expres-
sion and function of this enzyme, with low levels of 11B-HSD2 resulting in
an increase in GC exposure and a reduction in birthweight. Treatment of
pregnant rat dams with dexamethasone, a synthetic GC able to freely cross
the placenta induces fetal growth restriction [15]. This manipulation results
in a significant reduction in birthweight, and subsequent outcomes include
disrupted glucose homeostasis and increased blood pressure [15].

Maternal Protein Restriction

The rodent maternal low protein (LP) model is possibly one of the
best-characterized animal models used to investigate the effects of early
growth on long-term metabolic health. It produces offspring with a pheno-
type very similar to that of the human metabolic syndrome [16]. The model
involves feeding either a control diet (C), containing 200 g/kg protein, or
an isocaloric diet having reduced 80 g/kg protein, to female rodents during
pregnancy and/or lactation. Growth restriction during gestation gives rise
to offspring with a reduced birthweight, and if the LP diet is continued
throughout lactation, these animals remain permanently smaller even when
weaned onto a control diet. We have shown a wide range of programmed
metabolic disturbances arising from these early life dietary manipulations.
In general, offspring of LP dams show improved glucose handling capabili-
ties in early adult life, but undergo a greater age-related decline in glucose
tolerance and have alterations in insulin signaling pathways in muscle and
adipose tissue [17].

In an extension of this LP protocol, crossover groups have been included
to assess the differential effects of reduced growth at different stages of
early development. The crossing of LP offspring to control-fed dams for
the period of lactation results in a rapid growth during this period (‘recu-
perated’ offspring), and conversely crossing control offspring to LP fed
dams during lactation (postnatal low protein; PLP animals) slows growth
and permanently reduces body size. One of the most striking findings was
that rapid growth during lactation significantly reduces lifespan in male rats,
whereas a slowing of growth during this period increases longevity [18].
More recently, the LP crossover model was applied in mice and these stud-
ies again replicated these findings on lifespan [19], and in addition showed
that PLP animals are resistant to weight gain when given access to a highly
palatable diet from weaning [20], suggesting programmed changes in energy
balance systems.
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Mechanisms Linking Early Growth and Ageing

The mechanistic basis by which early growth rates affect longevity
remained largely unknown. However, recent advances in research into molec-
ular mechanisms underlying the regulation of ageing process in model organ-
isms provide insight into candidate mechanisms.

Caloric Restriction and Ageing

It hasbeen consistently demonstrated that caloric restriction (CR) increases
lifespan in both invertebrates and vertebrate animals. In rodents, CR —typically
60 or 70% of the amount of food consumed by the ad libitum-fed littermates
—robustly extends lifespan whether it is started early or later in life [21]. One
mechanism by which protein restriction during lactation increases longevity
could therefore be through a programmed reduction in food intake. PLP off-
spring have a permanently reduced food intake and like caloric restricted ani-
mals are small in body size and have reduced insulin levels. The mechanisms
by which CR increases longevity have not been fully elucidated. However, one
molecule that has been suggested to play a pivotal role in CR animals is SIRT1.
SIRT1 is an NAD-dependent histone deacetylase which can regulate metab-
olism in multiple tissues by regulating the activities of critical transcription
factors such as FOXO1, PPAR«, PPARy and PGC-1a [22]. Transgenic mice
overexpressing SIRT1 showed a phenotype resembling CR [23]. Interestingly,
arecent study revealed that SIRT1 is recruited to double-strand breaks and is
required for efficient DNA repair [24]. Our recent studies revealed that SIRT1
was also increased in PLP offspring, further demonstrating the phenotypic
similarity between these animals and CR models [25].

Insulin/IGF-1 Signaling Pathways and Ageing

Disruption of genes involved in the insulin/IGF-1 signaling pathways can
increase lifespan. Such increase in lifespan can be observed in both inverte-
brate and vertebrate species, implying that the molecular mechanisms govern-
ing lifespan are highly conserved [26]. Female mice heterozygous for the IGF-1
receptor gene disruption live longer [26]. Paradoxically, long-lived humans
and rodents generally demonstrate increased insulin sensitivity. However, this
may reflect the divergent actions of insulin including mitogenic and metabolic
pathways. PLP rat kidneys have significantly increased expression of insulin
receptor, Aktl and Akt2 as well as increased phosphorylation at Ser473, indic-
ative of increased sensitivity to the metabolic actions of insulin [25]. Although
recuperated rats also showed increased expression of Aktl and Akt2, there
was no increase in phosphorylated Akt, suggesting impaired Akt phosphory-
lation and therefore insulin action in these animals [25]. Thus, it is clear that
alterations in early growth rate, influenced by maternal nutrition, can lead to
changes in the expression of insulin-signaling molecules and whole body insu-
lin sensitivity very early in life, which may eventually affect lifespan.
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Oxidative Stress, Telomeres and Ageing

The oxidative stress theory of ageing (also known as the free radical theory
of ageing) suggests that reactive oxygen species are produced during normal
metabolism and can cause oxidative damage to DNA, proteins and lipids. This
can cause cellular senescence/apoptosis and ultimately contribute to the age-
ing process. The importance of antioxidant defense systems and DNA damage
in regulating lifespan has been supported by the observation that mice with
enhanced expression of the antioxidant enzyme catalase live longer, whereas
mutation in genes responsible for DNA repair or genetic manipulation that
causes mitochondrial DNA damage result in premature ageing [27].

Telomeres are tandem repeats of the sequence TTAGGG located at chromo-
somal ends. Telomere DNA-binding proteins, which recognize and bind to these
sequences, are thought to protect chromosomal ends from being recognized
as broken DNA ends. In somatic cells, due to the lack of telomerase expres-
sion the length of telomeres shortens with each cell division/DNA replication.
Critically shortened telomeres can trigger cellular senescence [28]. The G-rich
nature of the telomeric DNA repeats renders them particularly susceptible to
oxidative damage. It has been shown that single-stranded breaks preferen-
tially accumulate in the telomeric regions under conditions of oxidative stress,
which eventually can cause accelerated telomere shortening [28]. Conditions of
increased oxidative stress can therefore lead to increased telomere shortening
and premature cell senescence. Although cellular senescence is an essential
tumor suppression mechanism, it can contribute to ageing by compromising
tissue homeostasis and function. Telomere shortening is associated with ageing
and age-related pathologies. Thus, although it still remains to be determined as
to whether telomere shortening is a cause or a consequence of ageing, telom-
eres can serve as biomarkers of ageing and age-related diseases.

We have demonstrated extensive effects of early growth and nutrition on
rates of telomere shortening and antioxidant defense capacity. Age-dependent
telomere shortening is slowed in kidneys and aortic tissues of long-lived
PLP rats. In contrast, recuperated animals demonstrate accelerated telom-
ere shortening in kidney, aorta and pancreatic islets. These differences in
telomere length are accompanied by differences in expression of antioxidant
enzymes. Expression of a number of antioxidant enzymes is increased in PLP
animals and can be detected as early as weaning in some tissues. Therefore,
PLP rats seem to experience less oxidative damage, presumably through the
enhanced expression of the antioxidant defense system, resulting in less sin-
gle-strand breaks in telomeric regions and reduced telomere shortening [29].
Conversely, recuperated rat offspring demonstrate age-associated impair-
ment of antioxidant defenses. In addition, increased expression of p21 and
p16 was observed in recuperated animal tissues [29]. Upregulation of p21 and
p16 is associated with the process of cellular senescence and pl6 has been
recently identified as a biomarker of ageing [30]. It is therefore conceivable
that accelerated growth may lead to compromised antioxidant defense sys-
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Altered early growth |
N
a I
Normal birthweight + slow growth during early life | Low birthweight + catch-up growth
Neuroendocrine mechanism
Epigenetic mechanism
Enhanced antioxidant defense systems Impaired antioxidant defense systems
Reduced oxidative stress Increased oxidative stress
Delayed cellular senescence Accelerated telomere shortening/cellular senescence
Improved metabolism Compromised metabolism
Improved immunity Impaired cardiovascular functions
| Increased lifespan | | Shortened lifespan |

Fig. 1. Potential mechanisms linking early growth and lifespan. Growth during early
life can be influenced by maternal nutrition and health as well as postnatal dietary
conditions. Normal fetal development followed by slow postnatal growth is associated
with increased lifespan, whereas in utero growth restriction followed by rapid postnatal
catch-up growth leads to shortened lifespan. It is suggested that in animals of normal
birthweight, slow growth during early life reduces oxidative stress, due at least in part
to enhanced antioxidant defense systems, and delayed cellular senescence. This may
lead to improved metabolism and immunity which ultimately contribute to increased
longevity. Conversely, rapid catch-up growth of low birthweight animals will result in
increased oxidative stress, possibly due to impaired antioxidant defense systems, and
accelerated telomere shortening. This may lead to accelerated cellular senescence and/
or apoptosis which in turn can cause compromised metabolic profiles and impaired
cardiovascular functions (common adult diseases) and ultimately premature ageing
and early death. Neuroendocrinological change and epigenetic modification indicated
in the ‘black box’ are potential mechanisms underlying the beneficial or detrimental
effects brought about by the altered early growth.

tems, increased oxidative stress, accelerated telomere shortening and cellu-
lar senescence and ultimately shortened lifespan.
Conclusion

Effect of in utero and early life conditions on adult health and disease is well
documented by epidemiological and clinical studies. Animal models provide
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invaluable tools to understanding mechanisms linking early growth and later
diseases in adult life. In addition, the rodent model of maternal protein restric-
tion has revealed that longevity can be influenced either positively or nega-
tively by early growth. Recent rapid advances in the ageing field using model
organisms involving CR and genetic mutation as well as gene overexpression
demonstrated the importance of insulin/IGF-1 signaling pathways, oxidative
damage and some key molecules such as SIRT1 in the regulation of lifespan.
Studies using rodent models of maternal protein restriction suggest that alter-
ation in insulin metabolism, changes in expression of antioxidant defense sys-
tems and in levels of oxidative damage (including telomere attrition) may play
a key role in regulation of lifespan. As proposed in figure 1, changes in neu-
roendocrine systems and epigenetic modification may be the potential mecha-
nisms underlying the beneficial or detrimental effects of early growth on the
regulation of lifespan. Further studies in this area are warranted.
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Discussion

Dr. Mobarak: What was your definition of ageing in rodents?

Dr. Ozanne: We ultimately measured the lifespan, but telomere shortening is a
surrogate measure of ageing at the cellular level, and p16 is probably the best bio-
marker of cellular ageing that there is [1], so we have both the actual longevity data [2]
as well as the cellular differences [3].

Dr. Makrides: Thank you very much for a wonderful presentation. I just wanted to
ask for some clarification about the 8 and 20% diets. I am not familiar with rat diets,
so I wanted to know whether the percentages are weight percent or the percentage
of energy. If it is the percentage of energy, what is it that actually went up when the
protein went down? If weight percent then did the low-protein animals also have a
lower energy intake?

Dr. Ozanne: The percentages are percentages by weight, and so when something
goes down something else has to go up, so they have increased carbohydrate com-
pared to the controls.

Dr. Hiippi: 1 was particularly fascinated by the change in oxidative protection in
the offspring that were suckled by a growth-restricted mother. Do you have any spec-
ulation on how this antioxidant protection gets to the neonate? Is it by milk?

Dr. Ozanne: It's a very good question and the answer is that we don’t know. We
don’t have milk composition data, so we know that the mothers have reduced protein,
but we don’t know whether that is reflected by reduced protein in the milk. It may or
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it may not be as dramatic, there may be more effects on some amino acids than others,
so what the signal is between the mother and the pup, we don’t know. We don’t know
the mechanisms by which they increase their antioxidant defense enzymes, but it’s a
permanent effect because the expression data I showed were from the animals when
they were 12 months of age.

Dr. Haschke: My question addresses the different protein needs of animals and
humans. If you look at breastfed infants, the percentage of energy consumed as pro-
tein would be 10%. Can you elaborate what means 20 or 8% for the animals?

Dr. Ozanne: Twenty percent is the standard protein content of an experimen-
tal rodent diet. The literature suggests that for a pregnant rat, the minimum protein
requirement is 12%, so the 8% is only modestly below the recommended protein con-
tent of a pregnant rat diet.

Dr. Ziegler: What do you know about the central nervous system of your animals?

Dr. Ozanme: We haven't looked at that at all, so we don’t have any data on the
central nervous system.

Dr. Cooke: When you feed a low-protein diet and a relatively high energy diet,
what happens to body composition of these animals?

Dr. Ozanne: The recuperated animals have increased fat mass, and the postnatal
protein animals have dramatically reduced fat mass.

Dr. Wainaina: In pediatrics, we are worried when the catch-up growth doesn’t
occur by 6 years. When you are talking about animals, how can you extrapolate this
to humans?

Dr. Ozanne: 1think we have to be cautious in extrapolating the findings from ani-
mal models to humans, so in the rodent context it’s them catching up to the same
weight as the control animals, we are not looking at the crossing of centiles. In terms
of the mice when they were cross-fostered, they caught up by 1 week of age, so it’s a
very early accelerated growth.

Dr. Domeldff: What do these rodents die of? What is the cause of death really, you
said they don’t have atherosclerosis.

Dr. Ozanne: Mice don’t get atherosclerosis because of their lipid profile. The most
common cause of death is kidney failure, and so the recuperated animals are more
albuminuric than the controls and the postnatal low protein animals are less albu-
minuric; so, it’s consistent with them having differences in renal function but we don’t
know exactly whether that’s the cause of death or not.

Dr. Ziegler: 1know the low-protein model is the most widely used to produce pre-
natal growth reduction, but I wonder how good a model is it for human intrauterine
growth reduction which is mostly due to placental dysfunction. Is it really protein
that’s limiting human fetal growth or is it something else?

Dr. Ozanne: Two answers to that; firstly, a recent study by Olsen et al. [4] in
Denmark showed that maternal daily protein intake correlated with birthweight in
a contemporary human cohort. Secondly, we are using the low protein model as a
model and in all those models that I listed, the phenotype is very similar, so it would
appear that there are some fundamental mechanisms operating when a fetus is in a
suboptimal environment. We don’t know the precise driver of that response. It could
be differences in insulin, differences in glucocorticoids, so we are not using the model
because we think it’s only protein that’s causing low birthweight in humans but simply
because as a model it’s causing a phenotype which is very similar at the whole body
and molecular level to what we see in low birthweight humans.

Dr. Nem Yumn Boo: In some developing countries such as African countries or
India, small for gestational age is very common. Based on all the studies of antenatal
starvation and postnatal deprivation, theoretically we should see more diabetes, ath-
erosclerosis, hypertension in all these countries when they experience overnutrition.

51



Chen/Cottrell/Ozanne

Dr. Ozanne: 1think that’s exactly the point; to establish the detrimental effects,
you need postnatal overnutrition or certainly adequate nutrition to conflict with what
is happening in utero. So if you are in a nation where you are born small but then you
continue to grow slowly postnatally you are fine. It is in populations going through the
transition from a relatively poor diet to rich western diet where type 2 diabetes and
cardiovascular disease are increasing.

Dr. Cooke: Do you see any sex differences?

Dr. Ozanne: In rats like in humans, the males live shorter than the females. The
data I showed you was from males; we see similar effects in females but everything is
shifted to a slightly longer lifespan. At the same age, female rat telomeres are longer
than male rat telomeres [5] .

Dr. Lucas: 1would quite like you to explore a little bit more if you could this busi-
ness of extending lifespan in animal models. When I gave my presentation I pointed
out that we tended to ignore the possibility that public health and clinical interven-
tions could shift the theoretical biological lifespan of humans to the right, we just
focus more on increasing the chances of getting there. The studies of McCay and per-
haps also your studies in Nature could be interpreted by saying that you would not
extend the lifespan but you would actually reduce lifespan in those who had rapid
postnatal growth. So are there actually models where you extend the expected bio-
logical lifespan of experimental animals and can that give us any clues to what could
be done in a human population?

Dr. Ozanne: Certainly, from animal models of permanent caloric restriction, so
by restricting to usually between 70 and 60% of ad libitum intake, it is possible to
increase both median and maximum lifespan [6, 7]. Obviously, that’s quite a big reduc-
tion in ad libitum food intake, and I think trying to introduce that into a human popu-
lation would be extremely difficult, which is why people are looking more at caloric
restriction mimetics [8]. In terms of the programming effects on longevity, the animals
that were born small and experienced catch-up growth have a reduced median and
maximum lifespan, but the animals who have an increased average lifespan don’t have
an increase in maximum lifespan [9].

Dr. Lucas: When you study risk markers for cardiovascular disease in humans, the
inference is that you’ll then go on to get cardiovascular disease or have an increased
chance of doing so, but since the laboratory animals that you study don’t actually go
on to get atherosclerotic disease what do these risk markers mean, I mean what do the
components of a metabolic syndrome actually mean in a rat?

Dr. Ozanne: As 1 said before, rodents don’t get cardiovascular disease unless you
put them on a genetic background that makes them susceptible. They develop insulin
resistance, and the most insulin-sensitive ones are the ones that live longer. It’s known
in human populations that the centenarians are very insulin sensitive [10], so a good
insulin sensitivity also seems to be a good marker of a long as well as healthy lifespan.

Dr. Hiippt: What happens if you continue to feed the offspring by the growth-
restricted mother, you don'’t cross-foster, does that correct the oxidative stress situa-
tion or are they reverting then to your sort of recuperating group?

Dr. Ozanne: We haven't looked in terms of the oxidative stress markers; however,
it does eliminate the effect on the lifespan [11].

Dr. Ke: Is it really protein deficiency, energy deficiency or energy excess that is
important, and are there any models in this respect?

Dr. Ozanne: In our model, the caloric intake of the mothers is identical in the two
groups, but there are models where people have looked at caloric restriction during
pregnancy and lactation, and that also causes a very similar phenotype in terms of
insulin resistance, glucose intolerance, hypertension, so I think all the different mod-
els seem to induce a very similar phenotypic outcome.
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Dr. Nem Yun Boo: Regarding the postnatal low-protein diet of animals when com-
pared to controls, do you test the neurodevelopmental function? If these animals live
longer, are they able to function better or worse?

Dr. Ozanne: 1 think they function metabolically very well because they have
increased insulin sensitivity, they have reduced albuminuria, they have increased
adiponectin, their cholesterol levels are reduced compared to controls, so everything
about their profile suggests that they are living longer and are living longer healthily
as well.

Dr. Nem Yun Boo: My question was, do they have a better neurological
functioning?

Dr. Ozanne: We haven’t done any behavioral studies on them, but there is nothing
obvious to suggest that they are depressed.

Dr. Lucas: In my presentation earlier and no doubt in the talk to Dr. Singhal’s
presentation an argument is put forward that postnatal growth is more influential than
fetal growth in terms of later risk factors for heart disease, and in fact you could poten-
tially explain the fetal origins hypothesis in terms of postnatal catch-up growth. Can
you apportion the fetal vs. postnatal influences in some kind of approximate way in a
rodent model. I mean is that looking similar to the humans?

Dr. Ozanne: In the rodent models of low birthweight, they catch up, so as well as
being in utero growth restricted they are growing rapidly during the early postnatal
period, so dissecting between the two is actually quite difficult. It’s not easy to stop the
catch-up unless you place them into a very large litter.

Dr. Lucas: What about feeding them badly both prenatally and postnatally?

Dr. Ozanne: If you feed them the low-protein diet prenatally and postnatally, they
get a diabetic phenotype [12]. However, feeding the low-protein diet during pregnancy
and lactation has no effect on their lifespan, so the two periods seem to cancel each
other out, but they do get a diabetic phenotype.

Dr. Rosenfeld: 1 am surprised that you haven’t discussed the potential role of the
IGF system in your model because in addition to animal models such as the ones you
have described, there are numerous animal models of congenital growth retardation
associated with various defects in the growth hormone-IGF axis that are also associ-
ated with comparable longevity. It seems to me that that’s a potential unifying theme
between the nutritional models and the growth models.

Dr. Ozanme: We focused on insulin because we originally came from a diabetes
perspective. Interpreting plasma IGF-I data is complicated by the different binding
proteins, but I agree that it would be an interesting area to address.
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Does Early Growth Affect Long-Term
Risk Factors for Cardiovascular Disease?
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Abstract

The concept that early growth and nutrition have long-term biological effects is
based on extensive studies in animals dating from the 1930s. More recently, compelling
evidence for a long-term influence, or programming effect, of growth has also emerged
in humans. Substantial evidence now supports the hypothesis that ‘accelerated’ or too
fast infant growth increases the propensity to the major components of the metabolic
syndrome (glucose intolerance, obesity, raised blood pressure and dyslipidemia), the
clustering of risk factors which predispose to cardiovascular morbidity and mortality.
The association between infant growth and these risk factors is strong, consistent,
shows a dose-response effect, and is biologically plausible. Moreover, experimental
data from prospective randomized controlled trials strongly support a causal link
between infant growth and later cardiovascular risk factors. These observations sug-
gest therefore that the primary prevention of cardiovascular disease could begin from
as early as the first few months of life. The present review considers this evidence, the
underlying mechanisms involved and its implications for public health.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

Monitoring growth, which at the simplest level is defined as the quanti-
tative increase in mass or size, is an essential part of good pediatric care.
The pattern of growth is not only a marker of the immediate physical and
emotional well-being of the child but also has long-term implications for
health. Previously, however, research and clinical practice in pediatrics have
focused almost exclusively on achieving adequate growth and the preven-
tion of growth faltering. More recently, compelling evidence has emerged for
the adverse long-term consequences of ‘accelerated’ or too fast growth. The
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present review considers this evidence, focusing on the role of accelerated
infant growth in long-term risk factors for cardiovascular disease (CVD).

Evidence from Animal Models

The concept that early growth affects long-term biology was first proposed
by McCay as far back as 1933 [1]. He showed that rats whose growth was
stunted by restricting their food intake had a lower incidence of tumors, kid-
ney disease, vascular calcification and chronic pneumonia and consequently
a substantial 35% increase in lifespan. In fact, the effect of calorie restriction
during phases of development on extending longevity has now been demon-
strated in organisms as diverse as yeast and mice [2]. The mechanisms involve
the glucose or insulin/IGF-1 pathways, which are partially conserved through-
out these species, and which act by downregulation of antioxidant enzymes
and heat shock proteins, or by reducing glycogen or fat accumulation.

In contrast to the benefits of calorie restriction, early overfeeding leading to
rapid postnatal growth has been shown to have adverse effects on long-term
health. McCance first demonstrated in the 1960s that overfeeding rats dur-
ing a critical window in early postnatal life permanently increased later body
size [as reviewed in 3]. Subsequently, Lewis found that infant baboons given
a nutrient-enriched formula, which provided 33% more energy had greater
mesenteric and omental fat depots, an effect that emerged only after adoles-
cence [3]. More recently, Ozanne and Hales [4] showed that catch-up growth
prior to weaning in mice (particularly in animals growth restricted in utero)
increased later adiposity and reduced lifespan. Obesity was greatest in mice
fed a highly palatable ‘cafeteria’ diet rather than normal chow after weaning,
suggesting an interaction between early growth and the dietary environment
later in life [4].

The long-term influence, or programming effect, of faster growth is not
confined to obesity. Faster early growth in several animal models has been
demonstrated to increase the risk of later dyslipidemia, insulin resistance,
and the metabolic syndrome [5]. In fact, the trade-off between faster growth
on one hand, and longevity and adverse biological effects on the other, is
seen across animal species [6]. Whether such effects are evident in humans is
uncertain, but is a critical question for public health policy and future nutri-
tion research.

Evidence from Humans
The idea that early growth could affect long-term health in humans, as
in animals, first emerged in the 1980s when observational studies sug-

gested an association between suboptimal fetal growth (as measured by low
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birthweight) and long-term risk of CVD — the ‘fetal origins’ of adult disease
hypothesis [7]. Similar associations between low weight at 1 year of age and
later CVD mortality suggested that promotion of infant growth could reduce
CVD risk, although more recent data do not support such an intervention. In
both high income and low income countries, faster weight gain in childhood
(particularly in those born small) is associated with increased CVD mortal-
ity and incidence of type 2 diabetes [8, 9]. However, data for programming
effects of faster growth in the 1st year, and particularly for the potential criti-
cal window in the first postnatal months, are less consistent [8].

Evidence that growth in tnfancy could affect later health was published
in 2002. Faster weight gain in the first 4 months of life was independently
associated with a greater risk of being overweight at 7 years of age [10].
Based on these observational data and long-term follow-up of our experi-
mental intervention studies, we proposed that faster growth, particularly in
infancy, increased the later risk of obesity and CVD [3]. We found that infants
born preterm and randomly assigned to formula rather than human milk had
greater propensity to obesity, dyslipidemia, raised blood pressure, and insulin
resistance, while faster early growth programmed insulin resistance, mark-
ers of inflammation, higher blood pressure and endothelial dysfunction (an
early stage in the atherosclerotic process) [3]. As a unifying hypothesis, we
proposed that postnatal growth acceleration (upward centile crossing) could
explain, in part, adverse programming effects in infants born small for gesta-
tion (who show ‘catch-up’ growth immediately after birth) and long-term car-
diovascular benefits in babies breastfed (who are relatively undernourished
and have slower growth compared to those given formula) [3]. Over the last 5
years, substantial evidence from observational studies and, importantly, from
intervention studies that suggest a causal association, supports the growth
acceleration hypothesis. Faster infant growth has been shown to increase the
propensity to the major components of the metabolic syndrome, the cluster-
ing of risk factors (glucose intolerance, obesity, raised blood pressure and
dyslipidemia) which predispose to cardiovascular morbidity and mortality.
The current review considers this evidence and its implications for public
health.

Obesity

Data from more than twenty-seven studies (much of it summarized in
three systematic reviews) [11-13] support the hypothesis that faster weight
gain in infancy increases the risk of long-term obesity. This association is
consistent for cohorts over the last 80 years and has been seen for effects
of both faster weight and length gain, for obesity in adults and children, in
both low and high income countries, and in infants born preterm or at term.
Infant growth appears to have a large effect on later obesity risk [11-13].
For instance, nearly 20% of the risk of being overweight in childhood can be
attributed to weight gain in the highest quintile in infancy [10]. Furthermore,
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programming effects of early growth are independent of potential confound-
ing factors such as parental obesity and socioeconomic status, and appear to
be stronger for body fat rather than bodyweight, BMI, or lean body mass [14,
15]. Importantly, no study has shown evidence of an interaction with birth-
weight, which suggests that adverse effects of early growth acceleration are
similar in both normal and low birthweight infants [13].

The association between infant growth and later obesity is likely to be
causal. The association is strong, consistent, and biologically plausible, shows
a dose-response effect, and is experimentally reproducible in animal mod-
els [16]. Causality is supported by data from a prospective randomized con-
trolled trial (RCT), which found that infants fed a nutrient-enriched infant
diet (that contained 28% more protein and promoted faster weight gain) had
30% greater body fat (measured by bioelectric impedance analysis) up to 8
years later [Singhal et al., unpubl.]. Although further experimental data using
more sophisticated measures of adiposity are required, these observations
support the hypothesis that programming effects of infant weight gain may
be independent of genetic factors such as those influencing appetite, which
could affect both the risk of overfeeding in infancy (and hence the rate of
growth) as well as the later risk of obesity.

Recent data from the European Childhood Obesity Study, a large multi-
center RCT, strongly support a causal link between infant growth and later
obesity. Compared to controls, infants randomized to formulas with a higher
protein concentration for the 1st year (which promoted faster weight and
length gain) had greater BMI at 2 years of age. Based on existing data from
observational studies, the authors predicted that this would lead to a 13%
increase in later risk of obesity [17]. Although further follow-up, beyond the
period of nutritional intervention is required, this prospective RCT suggests a
critical window for programming of obesity in the 1st year of life.

Nevertheless, several key questions remain unanswered. First, the most
sensitive window for programming effects is uncertain. Faster weight gain from
as early as the 1st postnatal week is associated with a 30% increase in risk of
being overweight in adulthood [5]. However, the 2nd year may also be impor-
tant and there is an estimated 60% increased risk of obesity if the duration of
rapid weight gain is increased from 1 to 2 years after birth [13]. Second, the
relative contribution of genetic, nutritional and other environmental factors
to infant growth and its effects on later obesity are unknown. For instance,
a higher nutrient intake leads to faster weight gain, but it is difficult to sepa-
rate the contribution of nutrition from that of growth. Nonetheless, the pri-
mary programming role of infant growth rather than nutrition is supported by
observations that faster weight gain is associated with greater adiposity even
in those who were breastfed, and that programming effects of infant growth
are independent of protein intake and method of infant feeding [11-13].

Third, the interaction of early growth with later environment requires
clarification. There appears to be a smaller programming effect with obesity
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assessed at later ages [13] possibly due to a greater contribution of other
environmental determinants of obesity. Further evidence from longitudi-
nal studies with serial measurement of body composition in children and
adults is required to test this hypothesis. Programming effects are also more
marked in ‘obesogenic’ environments, suggesting that there is an interaction
between infant growth and later environment, analogous to data from mice
[4]. Although the mechanisms for this are unknown, programming of appetite
(e.g. a lower set point for satiety) would increase the tendency to obesity
particularly in populations exposed to energy-dense diets.

Fourth, the role of recently highlighted gender differences in program-
ming effects is uncertain. For instance, breastfeeding has been shown to be
more protective against later obesity in boys than girls [18]. Similarly, in one
of the largest studies to address this issue (n >6,000), faster weight gain in
infancy was also associated with a stronger effect on obesity risk in boys than
girls [19]. One potential explanation for these gender differences is that early
growth acceleration amplifies the effects of sex steroids on the development
of adipose tissue. Programming of higher androgen concentrations by infant
growth, for instance, could increase central fat deposition in boys.

Finally, the effect of faster infant weight gain on different fat depots needs
further investigation. For example, early growth acceleration is particularly
associated with programming of visceral adiposity, a key risk factor for insulin
resistance and the metabolic syndrome [20]. Compared to controls, visceral
fat is increased in children born small for gestational age (SGA) who tend to
show early postnatal catch-up growth. This effect is seen even in children
who are not overweight and is related to the rate of postnatal weight gain
[20], observations consistent with the hypothesis that faster early growth
affects later CVD risk via programming of visceral adiposity. These effects
are evident from very early in life. Visceral fat is remarkably preserved in
growth-retarded newborns, while increases in adiposity in the first 6 weeks
correlate with linear growth [21]. Serial measurement of body composition
and visceral adiposity in infancy and childhood could therefore help define
the role of these early changes in body composition for the development of
later obesity and CVD.

Despite these unresolved questions, overall, the consistency and strength
of the evidence (up to a 2- to 3-fold increase in obesity risk [13]) strongly sup-
port the impact of faster infant growth on later adiposity. As discussed below,
these findings are leading to major changes in public health policy.

Blood Pressure

Whilst the evidence is strongest for obesity, faster infant growth also
programs CVD risk factors such as raised blood pressure. This association
is evident in several (>6) but not all studies [as reviewed in 22, 23] in both
formula-fed and breastfed infants, for both diastolic and systolic blood pres-
sure, and for blood pressure in children and adults [22—-24]. Like the data for
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obesity, this association is seen for both length gain and weight gain in infancy,
is independent of potential confounding factors such as body fatness and gen-
der, and shows no interaction with birthweight [22—-24]. Again, the most sensi-
tive window is not known, but in the Avon Longitudinal Study of Parents and
Children, diastolic blood pressure was 2 mm Hg higher in 10-year-old children
who were in the highest quartile for weight gain in just the first 2 months
compared to those in the lowest quartile [24].

One experimental study supports a causal link between infant growth and
later blood pressure. Infants born SGA and randomized to a higher protein
diet that promoted growth had approximately 3 mm Hg greater diastolic
blood pressure than controls [22]. The size of this effect was substantial and,
on a population basis, would be expected to prevent over 100,000 myocardial
and cerebrovascular events per year in the US alone [see 3]. The pattern of
infant growth could therefore have a major impact on population health.

Insulin Resistance

Insulin resistance is fundamental to the metabolic syndrome originally
described by Reaven in 1988 and is strongly associated with growth accelera-
tion immediately after birth. In one study, adolescents born preterm and ran-
domly assigned at birth to a nutrient-enriched formula that promoted faster
weight gain had 20% greater 32-33 split proinsulin concentration (a marker
of insulin resistance) than controls [3]. Interestingly, the sensitive window for
this effect was as early as the first 2 weeks of life. Faster early growth is also
associated with insulin resistance in term infants with both normal [25] and
low birthweight [26]. In this latter study, faster infant weight gain was related
to insulin sensitivity at 1 year of age, raising the possibility that insulin resis-
tance could precede (and hence lie on the causal pathway) for programming
of other CVD risk factors such as raised blood pressure.

While most research has focused on insulin resistance, there is relatively
little evidence to support an effect of early growth on the development of
type 2 diabetes itself. One potential explanation for this is that the risk of
developing type 2 diabetes depends mainly on determinants of B-cell mass
and hence the ability to maintain insulin secretion in the face of increasing
insulin resistance [25].

Dysliprdemia and Endothelial Function

Evidence that growth acceleration affects the development of dyslipidemia
is more limited than for other cardiovascular risk factors. In infants born
preterm, both faster weight gain in the first 2 postnatal weeks, and random
assignment to breast-milk rather than formula, were associated with 10%
lower cholesterol concentration and 14% lower ratio of LDL to HDL up to 16
years later [3]. Such an effect size is important for public health and could
lower CVD incidence by 25% and mortality by 13-14% [see 3]. Faster weight
gain in the first 6 months was also independently associated with a clustered
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metabolic risk score (comprising fasting triglyceride, high-density lipoprotein
cholesterol, glucose and insulin concentrations, together with waist circum-
ference and blood pressure). The effect on other CVD risk factors remained
after removing the effect of adiposity, suggesting an independent influence of
early growth on components of the metabolic syndrome [27].

The effect of early growth acceleration on cardiovascular risk factors would
be expected to effect the development of atherosclerosis itself. Consistent
with this, faster growth (both weight and length gain) in the first 2 postna-
tal weeks was associated with later endothelial dysfunction, an early stage in
the atherosclerotic process. Like data for insulin resistance and dyslipidemia,
the effect size was substantial and similar to the effect of smoking or insu-
lin-dependent diabetes on endothelial function in adults [3]. Similarly, faster
growth in the first 3 months has been recently associated with a worse car-
diovascular and metabolic risk profile in adults, including increased carotid
intima media thickness, a maker for generalized atherosclerosis which is pre-
dictive of cardiovascular events [28]. Overall, therefore, there is strong evi-
dence to support programming of atherosclerotic CVD by infant growth. The
key challenge is whether we can unravel the mechanisms involved to benefit
human health?

Mechanisms

Probably the most intriguing aspect of the developmental origins of dis-
ease concept is the delay between exposure (in the first few months, or even
weeks after birth) and outcome several decades later. Understanding how the
memory of the exposure becomes ‘hard wired’ at the physiological, cellular or
molecular level is therefore critical to understanding this concept. Two main
generic hypotheses have been proposed to explain the ‘coupling mechanisms’
linking early exposures such as growth with later biological effects such as
CVD risk. The first hypothesis, the role of epigenetic changes that persist
throughout life, is supported by recent evidence in humans. Individuals
who were exposed prenatally to famine during the Dutch Hunger Winter in
1944-45 had less DNA methylation of the imprinted IGF2 gene, 6 decades
later, compared with their unexposed, same-sex siblings, observations consis-
tent with the hypothesis that very early mammalian development is a crucial
period for establishing and maintaining epigenetic marks [29].

The second hypothesis suggests that early growth acceleration perma-
nently affects hormonal axes that regulate bodyweight, food intake and
metabolism, and hence fat deposition [5]. Studies in animals indicate that
set points or ranges for endocrine feedback mechanisms may be influenced
by the concentrations of the hormones themselves early in life [5]. Similar
mechanisms may occur in humans. For instance, a higher plane of nutrition
in early postnatal life may increase leptin, and particularly insulin concentra-
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tion, which programs higher concentrations of these hormones later in life.
Hormonal changes in infancy (possibly via changes to the hypothalamic cir-
cuitry involving leptin pathways [5]) that reduce satiety and increase food
intake will help drive early postnatal catch-up growth. Whilst beneficial in the
short-term, this higher set point for satiety may predispose to later obesity.
Finally, early growth and nutrition could affect endocrine systems that con-
trol developmental processes [2]. Consistent with this, faster weight gain in
infancy has been linked with more rapid maturation and an earlier onset of
puberty [30].

Public Health Implications

Despite our incomplete understanding of mechanism, the strength of
the evidence supporting the growth acceleration hypothesis is challenging
established public health practices. Professional bodies in the UK such as the
Royal College of Paediatrics and Child Health, and the Scientific Advisory
Committee on Nutrition have both recognized the role of faster infant weight
gain in increasing the risk of long-term obesity [31]. Consequently, health care
professionals are advised to prevent inappropriate upward centile crossing
as well as growth faltering. The new WHO growth charts based on the exclu-
sively breastfed infant are likely to help in the prevention of overfeeding in
infancy [31]. Furthermore, contrary to previous medical and public opinion,
promoting catch-up growth by nutritional supplementation in healthy term
infants born SGA may not be appropriate [32]. Clearly, however, the risk-ben-
efit of faster early growth depends on the population involved. For instance,
faster weight gain may improve long-term cognitive function in infants born
preterm and has short-term advantages for morbidity in infants with low
birthweight from low income countries [see 3]. Even in low income countries,
however, massive changes in diet and rise in urbanization means that large
sections of society are at increased risk of obesity and CVD and so susceptible
to programming effects of early growth [9].

Conclusions

A rapidly increasing prevalence makes CVD the most important health
issue of the 21st century. The dramatic rise in obesity alone is expected to
decrease life expectancy and threatens to reverse the reduction in cardio-
vascular mortality achieved in the past decades through control of hyper-
tension, dyslipidemia and smoking. Evidence that patterns of early growth
can influence its development, could provide therefore a unique opportu-
nity for the primary prevention of CVD to begin from as early as the first few
months of life.
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Discussion

Dr. Mendiola: What do you think is the ideal weight gain of a preterm infant given
the trade offs that were mentioned by you and Dr. Lucas a while ago, and how do you
define rapid weight gain.

Dr. Singhal: 1 would argue that appropriate weight gain for a preterm infant is
along the centile the baby was born on. The problem is that they never stay on that
centile. As you know, because it is hard to maintain an adequate nutritional intake,
preterm infants nearly always have growth failure. Because they are often sick, and
have high energy and protein energy requirements, infants born prematurely need
a high nutrient intake just to maintain their growth centile. The second question is
how do you define rapid weight gain? Well, the data linking growth acceleration with
later outcomes are continuous and there isn’t a cutoff. People have arbitrarily defined
catch-up growth as crossing 2 centile lines or 0.67 standard deviations, but the epide-
miological data are continuous.

Dr. van Buuren: 1 have a question about the slide you showed of the Fall data
which showed a gradual growth into obesity except for the very first part and the
control.

Dr. Singhal: The data from the Delhi Birth Cohort?

Dr. van Buuren: The data about the critical windows. The trajectory starts below
zero, do you have an explanation for that?

Dr. Singhal: There are two explanations. One is that growth trajectories are often
compared to a different reference population (e.g. NCHS). Populations such as those
from India have a birthweight and early growth below this reference population and
hence below zero z scores. However, in the study from Fall, adults who developed
the metabolic syndrome (index group) were compared with the rest of the cohort
who did not (controls; hence both populations were from India). This showed that
the index group tended to have a lower birthweight (approximately —0.1 z scores),
which is consistent with the evidence that a low birthweight baby that shows faster
postnatal growth has an increased risk of later cardiovascular disease. However, one
thing that isn’t often recognized is that for postnatal growth acceleration there is a
different order of magnitude of effect than for low birthweight. In the Fall study, and
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other similar data, birthweight z score is 0.1-0.2 lower in populations who develop the
metabolic syndrome compared to controls. In contrast, for catch-up growth, infants
often show >2 standard deviation increase in postnatal growth rate and a much larger
effect on later cardiovascular outcomes.

Dr. Giovannini: How do we separate optimal growth from excessive growth,
and what is the effect of hypothalamic programming? Is there any experimental
evidence?

Dr. Singhal: No, I don’t think there is any experimental evidence for hypotha-
lamic programming in humans similar to that in animal models. We have looked at the
effects of early nutrition on leptin resistance, but only for outcomes later in life, and
not in terms of its early hypothalamic effects. However, although we don’t have the
sort of sophistication to look at leptin surges and so on, the work of Sebastian Bouret
and others is exciting because phenotypic data on programming effects are similar
in animals and humans, and so similar early hypothalamic mechanisms may apply in
both. The first part of the question was what is the optimum rate of growth? I think
we have to base this in terms of outcomes of growth. We should not be unnecessarily
promoting faster growth. While an ill infant with a clinical problem is a different story,
ideally healthy term infants born on the 10th centile should grow along the 10th cen-
tile. However, they won’t because they show catch-up growth anyway, a phenomenon
that we can’t stop. However, we shouldn’t be adding fuel to the fire by giving them a
high nutrient intake on top of their natural catch-up growth.

Dr. Cooke: The term ‘catch-up’ is confusing, both quantitatively, i.e. the rate of
gain is defined differently by different investigators [1], and qualitatively, i.e. it gener-
ally refers to weight gain with little attention to the nature of the gain. While it is now
generally regarded as undesirable, it is sometimes forgotten that it is a normal ‘recov-
ery’ response that occurs after growth faltering [2]. The nature of the gain depends on
the nature of the diet. A diet that is high in energy but low in protein will be associated
with weight gain and fat accretion [3, 4]. A diet with a higher protein to energy content
is associated with increased weight gain, linear growth and lean mass accretion [5].
Infants who are ‘recovering’ and hungry will eat whatever is fed, perhaps overcompen-
sating when dietary protein intake is low [6].

Dr. Singhal: 1 completely agree, and that’s why I have always called it ‘growth
acceleration’ rather than ‘catch-up’ growth because growth acceleration takes into
account ‘catch-up’ growth (catch-up growth is one type of growth acceleration).
Growth acceleration may be a different phenomenon. For instance, if you give a
healthy (and appropriate for gestation) term infant a high protein intake, he/she
will grow faster. That’s growth acceleration, but it’s not necessarily catch-up growth,
because they may not be born small.

Dr. Cooke: It is important to think not only about rate but also composition of the
weight gain.

Dr. Singhal: 1 agree. Ideally, we should be looking at the composition of growth
and particularly how that affects long-term health. Ideally, the baby should grow along
a centile, but this is extremely difficult to achieve for the reasons you say. Infants born
small will cross centiles upwards, but all we can say in terms of intervention is that we
don’t add extra protein and energy.

Dr. Cooke: Protein to energy content of the diet is, perhaps, a better way of think-
ing about nutritional rehabilitation in these infants.

Dr. Singhal: The data from the European Growth study [7] suggest that only
protein is the critical nutrient. This study randomized infants to a diet with different
protein content (but the same energy) and produced differences in growth at age 6
months, IGF-I concentrations, and in obesity risk at age 2 years. I think you are abso-
lutely right, it can be energy but, as this study suggests, it can also be protein.
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Dr. Klassen-Wigger: 1 have a question related to the impact of behavior versus
genetic and epigenetic factors on food intake, particularly in formula-fed infants. A
recent paper in Pediatrics has shown that if a baby finishes the bottle completely by
it’'s own will, as compared to the mother re-offering it, only the babies that finish the
bottle on their own will show an increased risk of obesity later in life. My question is
therefore: To what magnitude do you estimate the impact of feeding behavior of the
mother, e.g. overfeeding, etc. as compared to the impact of genetic and epigenetic
factors?

Dr. Singhal: 1don’t know the answer to that because I can’t proportion the amounts
of growth due to individual factors such as genes. In the ALSPAC study [8], one of the
strongest predictors of catch-up growth was paternal height, and so, as you would
expect, genetic factors are important. The Fels cohort [9] showed that genetic fac-
tors explained >50% of the variance in weight gain. Regarding volume of milk intake,
I would argue that breastfed babies have a lower rate of weight gain over the 1st year
than those fed formula for two reasons: (1) the protein content of formula is too high
and (2) it is more difficult to regulate appetite in formula-fed infants. But I don’t know
of any data to show that manipulating volume of milk intake affects later outcomes.
From the study you cite in Pediatrics, it appears that stopping mothers from giving
their babies too much formula may be of benefit, but that has yet to be proven.

Dr. Klassen-Wigger: Actually not, I mean it was the opposite, it was just when the
baby at once would just not even stop and just get the whole bottle emptied as com-
pared to when mothers were offering this a second time, it means the behavior of the
mother. So it was more the baby itself that was not supplementing itself by intake so
that touches also the variability of food intake which can be enormous.

Dr. Singhal: 1think Margaret Ounsted’s work in the 1970s [10] showed that infants
born small for gestational age had a greater appetite. This is not really surprising in
order for them to show catch-up growth. However, which comes first? You have to
have a bigger appetite to get the calories and protein for catch-up growth, but does
faster growth as a result of excess nutrition drive a bigger appetite?

Dr. Elmouzan: 1 would like to ask you about breastfed babies whose weight con-
tinues to drop. For how long should we be confident and reassure the mother that this
is a normal slow growing and how long should it take before they go back to a normal
slow growth.

Dr. Singhal: 1 think it depends on the charts you use to show that the baby’s
weight is dropping. In the UK, we use charts based on formula-fed infants. So breast-
fed infants often show a falling off in centiles and so we use clinical acumen to make
sure the baby is otherwise healthy. If the mother is successfully breastfeeding, then
we would just monitor the baby. Therefore, I don’t think there is a cutoff — it depends
on the clinical situation. With the new WHO growth charts, I would hope that fewer
breastfed babies are regarded as having poor growth, but we have to wait and see
what happens.

Dr. Batubara: With the growth charts, we would like to see our children grow
along the 50th percentile, for instance. You said that rapid catch-up growth is not good
in later life. How long should a child grow along the centiles; shouldn’t he/she increase
one centile at a time to attain a normal growth rate?

Dr. Singhal: 1 think it’s important to recognize that I presented epidemiological
data, and for an individual it is difficult to use growth acceleration to predict outcome.
So the message is different for the individual and for public health. I would argue that
in public health terms we don’t overfeed our babies. But for the individual, I don’t
think the evidence shows that a particular baby that shows growth acceleration is
going to be obese later in life. So, in practice, we do not do anything about upward
centile crossing in breastfed infants. However, we don’t give healthy babies born small
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for gestation, a higher calorie intake or use nutrient-enriched formulas to actively pro-
mote faster growth.

Dr. Batubara: Do you see any differences in children crossing 2-centile lines or
3-centile lines?

Dr: Singhal: No, I don’t have any data to show how much upward centile crossing
adversely affects later health. However, growth acceleration is a continuous variable.
Infants with the most growth acceleration had the worse later outcomes in terms of
population health, not necessarily in terms of the individual.

Dr. Ke: You made it very clear that the centile for a premature baby is the centile
with which the baby was born, but what is the target centile for an SGA baby who is
already less than the 3rd centile?

Dr. Singhal: 1think it depends if there is a clinical reason for that baby to be below
the 3rd centile. If the cause of being small at birth is idiopathic and the baby is other-
wise healthy, I would make sure that the baby is breastfed because this might reduce
the amount of postnatal growth acceleration. I would not give the baby a calorie-dense
formula to try to make that baby catch up. That'’s all you can reasonably do. There is
no evidence that you can screen or you can predict outcome in that baby.

Dr. Ke: The hypoplastic babies may not catch up. What about the malnourished,
asymmetric IUGR babies who we always expect or want to catch up?

Dr: Singhal: They will catch up if they are given adequate nutrition. You can’t stop
catch-up in these babies, but you shouldn’t add nutrient-dense formulas to actively
promote catch-up.

Dr. Lucas: Just one comment and then a question. As far as the first question
is concerned, at what rate should a premature baby grow, just to throw in a figure
there, in our preterm trials the best brain development was for babies growing at 18
g per kg per day which is more than the intrauterine rate as Dr. Singhal pointed out.
Then you need to make these babies grow faster to catch them up, and that’s ignoring
the cardiovascular issues which I think we should do for the reasons discussed this
morning. The question I wanted to ask is to do with energy supplementation rather
than energy plus protein or just protein. The early studies that were done by Thyman
and Brooke and others suggest that if you wanted to achieve catch-up growth with
energy, after a while the baby downregulated volume intake, whereas we have never
demonstrated that babies downregulate on protein intake, so if you are actually trying
to achieve catch-up growth would you not be giving a predominantly protein-enriched
diet anyway?

Dr. Singhal: 1 agree. Three randomized trials have been conducted with high-
protein versus lower protein formulas in term babies [11], in preterm infants [12] and
in the European Obesity Study [7]; they have all shown that by giving a high-protein
formula you increase the rate of early growth. I don’t know of the studies for energy
alone, apart from one by Fomon et al. [13] which showed that infants given energy-
dense formulas downregulated intake.

Dr. Cooke: 1 was just going to comment. Term infants fed a term formula with a
marginally low protein to energy content upregulate volume of intake to compensate.
However, energy intake is also increased and paralleled by increased fat accretion [6].
This has important implications for preterm infants ‘recovering’ after ‘growth faltering’
who may be fed marginally low protein intakes before [14] and after hospital discharge
[15]. It is important not only to measure weight and length but also consider body
composition when considering what is desirable and what is not.

Dr. Singhal: 1think that’s what we should try to do but, currently, is there a mech-
anism which allows us to do this?

Dr. Lucas: 1 mean would you not say that recovery was potentially deleterious, I
mean you are implying that recovery is just something you’d naturally want to do to
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get back to where you started, but the whole point about an SGA baby recovering to
the 50th centile is that that might actually be deleterious, the long-term cardiovascu-
lar risk and obesity. Perhaps you would like to comment on that Atul.

Dr. Singhal: 1Tdon’t know the answer. I completely agree with Prof. Cooke that we
should talk about weight gain and length gain but should we be defining whether they
are putting on fat or lean tissue? That is the key question.

Dr. Cooke: Yes, and how this relates to your metabolic risk. Prof. Lucas made the
point about recovery. To me, ‘desirable’ recovery is a rate of weight and length gain
that takes the infant back to the birthweight percentile. If they overshoot it, in terms
of weight, then perhaps one should consider measuring body composition.

Dr. Singhal: Certainly, I accept that. We tend to focus on weight, but all of the
data we have looked at also apply to length. The three trials of formulas with dif-
ferent protein concentrations (see above) all produced faster length gain in infancy
which adversely affected later outcomes. Ideally, we need to be more sophisticated,
and work out whether differences in growth in fat or in lean tissue contribute to later
outcome. I think this is the next stage.

Dr. Lucas: If you actually look at the epidemiological data it doesn’t factor out
whether you got back to where you started, it simply talks about upward centile cross-
ing in relation to later outcome. If you have an SGA baby, it’s a reasonable assumption
that that baby might be intended to be on the 50th centile on average and it’s maybe
on the 3rd centile, but actually getting back to the 50th centile rapidly after birth,
which you might regard as recovery, is deleterious in the studies; we are looking at
weight here and because that’s what most of the studies have been based on.

Dr. Cooke: 1agree, but we are talking of weight and I think we have moved on from
there and we really like to be thinking of things in metabolic mass and the extent to
which an increased or altered metabolic mass is an indicator of concern for subse-
quent cardiovascular disease.

Dr. Singhal: There are studies which show that increase in length correlates with
fat in the first 6 postnatal weeks [16].

Dr. Cooke: What her data show is that at hospital discharge kids are shorter, have
a reduced total fat mass but an increased intra-abdominal fat.

Dr. Singhal: That’s what [ mean, yes, intra-abdominal fat.

Dr. Cooke: Yes but these kids are shorter.

Dr. Singhal: No, I am talking about the correlation between length and intra-
abdominal mass. That’s what I am saying, which is I think what we agreed on.

Dr. Hussain: 1 find this confusing. We have always said that catch-up is something
we should promote in SGA babies, but today some people are telling me that catch-up
is harmful. What is the recommended optimal growth pattern for an SGA baby?

Dr. Singhal: Let me tell you what the data show. If a baby is born small for gesta-
tional age, >80% of the catch-up will have occurred by 6—-12 months of age [17], regard-
less of whether they are breastfed or formula fed. You cannot stop a baby from catching
up and so you cannot intervene clinically. All you can do is not give the baby a higher
nutritional intake to try and promote even faster catch-up because of the evidence
suggesting that faster upward centile crossing is linked to adverse long term outcomes.
The reason why it is confusing is that it would be nice to say that the baby’s growth
should do X. However, we don’t have that much control over how these babies grow.

Dr. Hussain: What percentile should we be aiming at before we say it’s too
much?

Dr. Singhal: 1 don’t think you will alter the pattern of growth and the baby will
show upward centile crossing particularly in the first 2 months of life. Most babies
born small have caught up by 1-2 years of age irrespective of what you do. So, I don’t
think you should be trying to manipulate the growth of that baby. You can’t.
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Dr. Gillman: As 1 was saying this morning, I think part of the confusion comes
from the fact that we use the word growth and we use the word catch-up growth, and
we fail as Prof. Cooke says to distinguish between length and either weight for length
or even better measures of body composition physiology, and until we start sort of
decomposing all of those things and looking at them separately I think we are still
going to be confused. And after all, taller people, especially those with longer legs,
have less cardiovascular disease, they also weight more because they are taller, so
that’s why it gets confusing, and until we start separating these things out I think we
are still going to be confused.

Dr. Singhal: T completely agree with that, but as a clinician all you have is weight
and length. At the moment, clinicians do not have growth in fat or lean mass.

Dr: Gillman: And one more comment is it’s really hard to measure length. We have
to do that accurately for research and for clinical care.
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Abstract

Recently, concern has been raised about the potential adverse long-term conse-
quences of rapid child growth. Rapid early childhood weight gain is associated with
increased likelihood of being overweight or obese later in childhood and of having risk
factors for the development of chronic disease such insulin resistance and elevated
blood pressure. This has led to concerns about the wisdom of promoting catch-up
growth in infants born small for gestational age or in children with poor growth after
birth. In considering the costs and benefits of promoting catch-up growth, we must
not lose sight of the immediate health threats to children in resource-poor environ-
ments in developing countries where child morbidity and mortality remain high. The
literature on short-term consequences of growth is limited by its focus on attained
size as an indicator of prior nutritional status, but generally shows that children with
evidence of poor prior growth are at greater risk of morbidity and mortality from com-
mon infectious diseases, including lower respiratory infections and diarrhea. In these
settings, failure to promote compensatory growth may have devastating short-term
consequences.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

An extensive literature documents the relation of poor child nutritional sta-
tus, indexed by small body size, to increased risk of morbidity and mortality
and poor developmental outcomes. Nutritional rehabilitation of severely mal-
nourished children, feeding programs, and family- or community-based inter-
ventions for moderately malnourished children aim to reduce those risks. To
return a previously malnourished child to a healthy growth trajectory, short-
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term compensatory growth is needed. Improved growth rates, and larger
attained body size are frequently used metrics for evaluating the success of
treatment.

Recently, concern has been raised about the potential adverse long-term
consequences of rapid growth. Rapid early childhood weight gain (typically
defined as crossing of major centiles on commonly used growth charts, or a
change in weight-for-age z score of >0.67 units), is associated with increased
likelihood of being overweight or obese later in childhood [1] and of having
risk factors for the development of chronic disease such as insulin resistance
and elevated blood pressure [2]. This has led to concerns about the wisdom
of promoting rapid growth in infants born small for gestational age (SGA)
or in children who experienced poor growth after birth [3]. In considering
potential long-term detrimental effects of promoting rapid weight gain in pre-
viously undernourished children, we must not lose sight of the immediate
health threats to those children in resource-poor environments in developing
countries where child morbidity and mortality remain high. In these settings,
failure to promote compensatory growth may have devastating short-term
consequences.

The so-called ‘catch-up dilemma’ is reminiscent of the small-but-healthy
debate in the 1980s. Economist David Seckler argued that short stature
reflecting mild to moderate malnutrition was a healthy state that could be
considered adaptive on a population level, since smaller people require
fewer resources [4]. In contrast, a series of critiques published in Human
Organization in 1989 highlighted the costs of mild to moderate malnutri-
tion in terms of functional impairment and increased morbidity and mortality
risks [as an example, see Martorell 5]. Chapters on morbidity and mortality
risks related to child stunting were featured in a 1986 Nestle workshop on lin-
ear growth retardation in less developed countries [6]. Thus, in the words of
George Beaton: ‘The story is not new; perhaps it does require periodic retell-
ing to differing audiences’ [7].

The meaning of growth and the extent to which small body size represents
an adaptation to enhance survival or a pathological response to constrained
resources is at the root of the small but healthy debate and the ‘catch-up
dilemma’. The role of adaptation was also the focus of arecent dialogue among
human biologists on how to interpret deviations from normal growth trajecto-
ries [8]. Growth is a nonspecific indicator of overall health, influenced strongly
by nutritional adequacy, infections, and many other environmental factors
as well as genetic and epigenetic factors. Accordingly, growth measures are
often used to reflect child health at the population level, as for example, in
UNICEF’s annual State of the World’s Children reports. Growth measures,
interpreted primarily as indicators of child nutritional status, are also used
to predict subsequent health and developmental outcomes. This latter use
of growth as an indicator of nutritional status is the focus of this paper on
the short-term implications of poor growth for infectious disease incidence,
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severity or duration, and mortality in developing countries. Other papers in
this volume address developmental outcomes associated with growth.

While we may be interested in the consequences of growth, the literature
mostly provides information about sizze. This is because growth is most often
represented by attained size, typically expressed in relation to a growth ref-
erence based on healthy children. Attained size at a given age is assumed to
represent prior growth, with ‘normal’ size reflecting adequate prior nutrition
and absence of disease. Length or height deficits and stunting are interpreted
as measures of chronic undernutrition resulting from the cumulative adverse
exposures over a relatively long period of time, while deficits in relative weight
(wasting) are thought to reflect more recent and/or acute insults [9].

Why Is Poor Child Growth Related to Increased Morbidity and
Mortality?

First, infections and indicators of poor growth such as stunting and wast-
ing share common underlying causes. Poverty, low maternal education, poor
sanitary conditions, crowding, inappropriate child feeding practices and poor
health care relate to increased exposure to infectious disease pathogens and
at the same time underlie inadequate dietary intakes of essential macro- and
micronutrients. Moreover, since prior morbidity affects growth, small size
may serve as a proxy for prior morbidity. Thus, when an association of stunt-
ing or wasting with increased morbidity is observed in cross-sectional studies,
a causal association cannot be inferred.

Second, poor growth and infectious disease morbidity are reciprocally
related in a synergistic manner: infections increase nutrient needs, depress
appetite and accelerate nutrient losses, and poor nutritional status compro-
mises immune function and increases susceptibility to disease [10]. Chandra
[11] identified malnutrition as the most common cause of immune deficiency
worldwide. Immune function may be influenced by specific micronutrients as
well as overall protein-energy malnutrition. In resource-poor settings, mul-
tiple nutrients may be lacking, making it difficult to isolate the specific causes
of compromised immunity in epidemiologic studies. However, it is well known
that prenatal nutritional insufficiency, manifested as low birthweight or SGA
and postnatal protein-energy malnutrition manifested as wasting are asso-
ciated with thymic atropy, decreased T-lymphocytes, and impaired cytokine
responses to infection [for a review, see Cunningham-Rundles et al. 12]. This
can result in an increased risk of opportunistic infections, and a reduced
response to vaccines. Similarly, zinc deficiency impairs cell-mediated immu-
nity [13] and linear growth [14]. Nutritional rehabilitation can reverse the
effects of malnutrition on the immune system, with improvements that paral-
lel or lag behind those in growth [15]. The infectious diseases most affected by
malnutrition are those that are most prevalent and contribute to high young
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child mortality rates in developing countries, namely, pneumonia, diarrhea,
measles, and tuberculosis [11].

Extent of Malnutrition, Morbidity and Mortality in Developing
Countries

Underweight, wasting, and stunting remain as significant child health prob-
lems in many parts of the world. Extensive information on the prevalence and
health consequences of child underweight, stunting and wasting was recently
summarized based on data from 139 countries in 2005, using definitions based
on the WHO child growth standards [16]. 20% of all children in low and mid-
dle income countries had a low weight-for-age z score (WAZ<-2), 32% were
stunted (height-for-age, HAZ, <-2), and 10% were wasted (weight-for-length
or height, WLZ, <-2). Low weight-for-age was most prevalent in south-central
Asia (33%) and east Africa (28%). Stunting prevalence exceeded 40% in 40
countries, with most of these being in Africa and Asia. Wasting prevalence
is highest, and affects the largest total number of children in Asia: 16% of
infants in low and middle income countries, and 27% of South Asian babies
were born weighing less than 2,500 g [16].

High under-five mortality rates accompany high rates of undernutrition in
these regions. In 2006, 4.8 million children in Sub-Saharan Africa, and 3.1
million in Southeast Asia died before reaching their 5th birthday. In West and
Central Africa, the under-five mortality rate was 186 per 1,000 live births.
Despite some progress, improvements were insufficient to represent ade-
quate progress toward meeting MDG for the Middle East and North Africa,
South Asia and sub-Saharan Africa [17].

Epidemiologic Evidence Relating Stunting and Wasting to
Subsequent Morbidity and Mortality

Mortality

Undernutrition is implicated in more than 50% of all deaths, and of those,
mild-to-moderate as opposed to severe malnutrition was the underlying cause
[18]. The risk of death from common childhood infectious diseases relates to
the degree of malnutrition. Using data on overall and cause-specific mortal-
ity from eight low income countries, Black et al. [16] found that the odds of
mortality increased with degree of wasting and low weight-for-age, and to
a slightly lesser degree with stunting. For example, compared to children
with a WLZ >-1, those with WLZ <-3 were 8.7 times more likely to die from
pneumonia. Even with mild underweight (WAZ between -2 and —1), odds of
death from diarrhea were more than doubled compared to children with WAZ
>—1. Though there is some evidence that, paradoxically, malaria incidence
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is reduced in wasted children, authors of comprehensive reviews concluded
that improved nutritional status lessens the severity of malaria episodes and
results in fewer deaths [16, 19].

Morbidity

Epidemiologic studies relating underweight, stunting and wasting to sub-
sequent incidence or severity of infectious disease face many methodological
difficulties, most of which center on how to deal with reciprocal causality and
shared underlying causes of poor nutrition and infection. In addition, hospi-
tal-based studies have been criticized for being carried out on highly selected
populations. The best evidence comes from community or population-based
longitudinal studies which measure growth status prior to the onset of dis-
ease, and adequately adjust for confounding variables. Most studies relate
child size at beginning of an interval to morbidity in the subsequent interval.
In very few studies, autoregressive terms were added to account for prior his-
tory of illness.

Respiratory Infections

Pneumonia is the leading cause of morbidity and mortality in developing
countries. In their review of pneumonia and acute lower respiratory infec-
tions, Victora et al. [20] found that most studies focused on WAZ, with a
preponderance of studies showing a dose-dependent increase in morbidity
risk as WAZ declined. A recent study in Kenya, based on 4 years of surveil-
lance data, found that moderate to severe malnutrition was associated with
increased risk of lower respiratory tract infections caused either by respira-
tory syncytial virus or other pathogens, with stunting being a more important
risk factor than wasting [21].

Diarrheal Diseases

Long ago, Waterlow [22] noted that the peak prevalence of diarrhea follows
the onset of growth faltering, striking in particular, during the period imme-
diately following weaning. He cautioned, however, that while there is a higher
prevalence of diarrhea in children who are more malnourished, this associa-
tion tells us nothing about cause and effect. Extensive work, much of it by
Robert Black and his colleagues, has explored the interrelationships of nutri-
tional status and diarrheal disease, finding that diarrhea affects subsequent
growth, and that poor child nutritional status increases diarrheal morbidity.
In one study, a dose response was found for WAZ, HAZ, and WLZ at the begin-
ning of a 60-day interval with duration, but not incidence of Escherichia coli-
related diarrheal disease in that interval. The strongest association was with
the degree of wasting [23]. Two studies that adjusted for prior diarrhea found
increased risk of incident diarrhea associated with low WLZ (Bangladesh
[24]) or low WAZ (Egypt [25]), but others found that prior nutrition affected
diarrhea only in children with no prior history of diarrhea [26]. Yoon et al. [27]
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studied both diarrheal and acute lower respiratory morbidity and mortality
in nearly 10,000 Filipino children and found that low weight-for-age was the
strongest predictor, with peak effects between 6 and 11 months for diarrhea,
and from 12-23 months for respiratory infections.

One study modeled size and growth separately in a birth cohort of >3,000
Filipino infants followed for 2 years. Less diarrhea was recorded in children
with faster weight gain, and this effect was amplified in children who were
small. [17] Also notable was that this analysis used methods to account for
the joint underlying causes of poor weight gain and morbidity, the sequence
of events using lagged variables, and the within-child correlation of repeated
measures of diarrhea.

The epidemiologic literature provides substantial evidence that poor child
growth, indexed by short stature, low weight for age or low relative weight,
relates to increased risk of morbidity and mortality associated with diarrhea
and respiratory infections in developing countries. While this evidence is inter-
preted as causal, few studies used methods that strongly support causal infer-
ence. Evidence from interventions to improve growth is sparse. Scrimshaw
[28] summarized evidence from the INCAP studies showing a reduced num-
ber of illnesses per child in response to a supplementary feeding program
and from a study in Mexico that also showed a decrease in infectious disease
morbidity following supplementation with a daily snack. The lack of studies
on how complementary foods may affect acute lower respiratory infections is
also noted in a recent review by Roth et al. [29].

Benefits of Catch-Up Growth

Aside from the literature on very preterm infants, surprisingly few stud-
ies address the health benefits of catch-up growth in children. In their
study of Brazilian infants, Victora et al. [30] found that SGA infants with
rapid weight gain had 656% fewer hospital admissions, and lower mortality
rates than other SGA infants. They note that their paper is the first report
on this topic and, unfortunately, subsequent studies have not added to this
sparse literature. Some papers have, however, looked at body composition.
In general, catch-up growth is characterized by a disproportionately higher
rate of fat relative to lean tissue gain. While potentially detrimental in the
long run, increased energy stores may be important as buffers against
excess weight loss during periods of diarrhea [31]. In contrast, evidence
from a large New Delhi birth cohort showed that gain in body mass index
during infancy and early childhood correlated more strongly with adult lean
mass than with adiposity or central adiposity [32]. Moreover, without early
compensatory weight gain, SGA infants have later deficits in height. Both
of these observations represent potential beneficial effects of early weight
gain [3].
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Conclusion: Future Research Needs for Evaluating the Tradeoffs

The literature on short-term consequences of growth is limited by its
focus on attained size as an indicator of prior nutritional status, but gener-
ally shows that children with evidence of poor prior growth are at greater
risk of morbidity and mortality from common infectious diseases. Few stud-
ies have directly addressed the effects of prior growth or evaluated potential
benefits of improvements in growth status. Thus, insufficient knowledge has
been accumulated to adequately judge the possible tradeoffs between short-
term health and survival and long-term disease risk in developing countries.
In light of continuing high prevalence of child undernutrition, morbidity from
diseases such as pneumonia and diarrhea, and increased mortality from these
diseases attributable to malnutrition, the tradeoffs for children in resource-
poor settings may be quite different from those of more affluent children.
Victora et al. [30, 33, 34] have been an especially strong voice, reminding us
of the public health importance of understanding these tradeoffs, especially
in these settings and in identifying needs for future research. These are noted
and expanded below.

Research needs include:

1 A de-emphasis on attained size, and a renewed focus on growth. We
need a much more thorough understanding of age- and cause-specific
effects of factors that relate to growth restriction and accelerated
growth. In particular, information is needed about body composition,
the immune system, and regulatory and metabolic systems.

2 Following from (1), we need studies that distinguish the effects of rapid
postnatal weight gain in children with intrauterine growth restriction,
those with growth deficits developed in the postnatal period, and those
without prior deficits [30, 33, 34].

3 A comparison of the long-term effects of rapid linear growth vs. rapid
weight gain along with studies on how rapid linear and ponderal growth
are related.

4 A determination of whether ‘healthy’ catch-up is possible, and if so, how
to achieve it through specific dietary manipulations.
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Discussion

Dr. Lucas: When we were putting together the cardiovascular bit of the sympo-
sium, we were extremely worried about exactly the issue that you expressed, that
whilst the data on programming are very exciting, they have to be tempered with
exactly the things that you have been talking about, and I hope that that message will
become very clear. What I want to do is to perhaps sort of clarify some of the confusion
we have had over the management of SGA babies, propose something to you for your
view on this as someone who is able to look at both sides of this question. What I would
propose is that in the phase of malnutrition or in a high-risk population we ignore pro-
gramming and we focus on short-term growth. In preterm infants, we ignore cardio-
vascular programming, focus on brain programming and promote short-term growth.
In severely growth-retarded babies in the West, I mean babies that weigh 1.5 or 1.2
kg at term, we regard those as malnourished and actually deal with the nutrition of
those babies rather than focus on programming; then we are left with well moderately
growth-retarded infants in low-risk environments where they are on a low centile but
that doesn’t seem to be any particular problem, and then we can perhaps afford the
luxury of not actively growth promoting those infants but feeding them on standard
diets like breastfeeding and standard formulas. Would you think that that would be a
balanced message for the symposium?

Dr. Adair: Yes, I believe that’s a balanced message, but it still leaves us with ques-
tions of practicality related to where you draw the line for decision rules and your
goals. As we have heard, a number of the clinicians in the audience would like to
have better guidelines regarding how much growth is the right amount of growth for
a small for gestational age baby. I don’t think that we have heard a clear answer to
that, nor are we sure that there is a clear answer to that. I think the answer may
depend on whether or not we can manipulate feeding practices to promote healthy
growth. Perhaps the composition of what children are fed can be altered to affect fat
gain compared to growth in lean body mass, which is important because taller people
suffer less from cardiovascular disease, and people with more skeletal muscle tend to
be more insulin sensitive. The problem is that promoting very rapid growth results
in excess deposition of body fat, which is undesirable, but where we draw the line is
really challenging.

Dr. Cooke: 1would agree with that, this is an area wherein the science of nutrition
has not been applied in a very balanced fashion. Studies are needed which not only
evaluate growth and composition but also intermediary metabolism, in terms of insulin
resistance, etc. Additional considerations are the more immediate effects of nutrition
on immune, pulmonary and, perhaps, gastrointestinal function. So I agree and think
we need a much more balanced perspective.
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Dr. Martorell: 1 was thinking about an apparent contradiction in some of the pre-
sentations. We heard earlier about research using animal models that show that post-
natal growth restriction promotes longer life, for example, in rats. Then, we just heard
from Dr. Adair that malnutrition and growth failure are powerful predictors of mortality.
There is therefore a contradiction that we need to reconcile. Dr. Adair has told us why
malnutrition and growth failure kill children. Children in poverty, first of all, live in set-
tings of poor environmental sanitation and suffer from high rates of infection. Second,
poorly nourished children have compromised immune systems and have higher case
fatality rates compared to children who are well. This brings me to ask about the immune
system of the animals made to fail in growth. Did they in fact have a depressed immune
system? My guess is that they did but that they lived longer because they lived in the
laboratory, free of infections. Had they lived in the real world, with significant exposure
to infections, many would have died as a result of their depressed immune systems just
like we observe in malnourished children. The research about growth failure and lon-
gevity in animal models has been conducted in a very artificial setting, and we have to be
careful to recognize this and not to extrapolate these findings to humans.

Dr. Wainaina: In my country, we don’t restrict the feeding in children under 6
months of age. We let them feed as much as they want because we know that when
the mother goes back to work the breast milk will be less available, the food might be
poor, and there might be infections. If the baby is not able to feed, we ask the mother
to express milk and give it in a cup or a spoon so that the child grows faster. In the
national hospital where I work, we deal a lot with children from the poor background,
but none of the children is obese. The main problem we have in our country now is
that when these children become adults, and that’s where the thrifty theory comes in,
they have better access to food and this can put them at risk of developing obesity.
How would you deal with this problem?

Dr. Adagr: 1think this is where Dr. Lucas’ point earlier is so vital because we need
to have different messages in different settings and clearly we are not going to restrict
feeding of severely undernourished children because this might increase their suscep-
tibility to infection and other adverse consequences. When we get to the child with a
z score of —1, the balance becomes a little different. As we are seeing in many low and
middle income countries, child obesity is increasing. If we look in many places which
previously had high rates of malnutrition, child obesity is now increasing at a faster rate
than adult obesity [1], so obviously we need to keep that in mind as well; it’s a very dif-
ficult balance to think about. Furthermore, if there is a susceptibility issue, so that the
poor child who was previously malnourished is more likely to gain weight later when
exposed to better conditions, it becomes even more of a challenge for policy makers to
think about what kinds of environmental changes should be made to prevent obesity
in older children and adults relative to what is still needed to prevent undernutrition
in young children, so we are walking a tight rope in many of these settings.

Dr. Islam: It is a fact that in developing countries like Bangladesh obesity is
increasing among children from more affluent areas. Today, about 5-10% of these chil-
dren are obese. I would like to ask how do you relate this to the fast food syndrome?
Obesity was not an issue in Bangladesh until the arrival of fast food shops. Today, the
city of Dhaka is full of them, and people are crazy about the food they sell. If we could
deal with this syndrome, perhaps we could fight obesity better.

Dr. Adair: Some of the places where we are seeing fairly dramatic increases in
older child and adult obesity are places where there are remaining problems with
undernutrition. If we look at some of the slums in parts of India, rates of obesity and
diabetes in adults are going up [2], while at the same time we see undernourished chil-
dren, so they may in fact be more susceptible to some of those modernizing influences
that you have mentioned. The focus has to be on prevention.
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Dr: Islam: Is obesity a problem among people living in the slums?

Dr. Adair: It is becoming a problem according to some of the survey statistics;
obesity is growing in low as well as high income populations [3, 4].

Dr. Gillman: 1would like to address Dr. Lucas about the preterm. I think a lot of
discussion surrounds the more severe preterms and a majority of preterms are actu-
ally late preterms. At some point, the preterm becomes a full-term baby, and there is
merely no difference between a 36.9 and a 37.1 weeker, and so to say categorically that
we should feed up the preterms and not the terms, one of the questions is whether we
should think a lot more subtly about the crossover between what is term and preterm
and whether the sort of long-term deleterious physiology is apparent in the late pre-
terms. We need to balance that more than we do in the more severe preterms.

Dr. Lucas: When [ made my rather crude classification of how I might deal with
different groups, Dr. Adair made absolutely the right remark which is yes that’s all very
well, but what we need is better definitions of the cutoffs between those groups, and
you have just given a good example where one does need better definition of the cut-
off. I don't think that any of us would disagree that a 28-week gestation malnourished
premature baby needs to have his short-term nutrition focused on and be fed well, and
that it’s going to improve long-term brain outcome. Concerning an SGA well baby in
the West that is not at risk of malnutrition, all that has been suggested there is not an
active intervention but a passive one, that is we don’t actively drive this baby up the
centile chart because there is some evidence that that might not be a good idea. The
cutoff point between those two is a matter of judgment at the moment simply because
the data doesn’t deal well with the transitionaries. That is probably the key area for
research, to try to dissect these different groups well enough so that we can decide
what a low-risk baby is that we are not going to intervene and what is somewhat high
risk baby is that we should.

Dr. Adair: Exactly, but I still worry a bit about the message because while you
say you don’t want to actively promote more rapid growth, what do you do with the
hungry baby? Do you not feed him or are you advocating just a lower nutrient density
feed to satisfy that child?

Dr. Lucas: No, all that has been suggested there is that if you had a moderately
growth-restricted well baby in a low-risk environment, you wouldn’t use any special
form of nutrition, the baby would either be breastfed ad libitum, and most of those
babies will catch up on breastfeeding, or you formula feed with a standard formula
ad libitum. All that has been suggested there is that you don’t pile in with that special
nutrient-enriched diet but which you might do under some of these other circum-
stances that we have been talking about.

Dr. Adair: And particularly if we could develop targeted nutrient composition. But
what about the other end of the spectrum? What about the babies that Dr. Gillman told
us about this morning that are already well nourished and growing rapidly? What do
we do for them? Do we change what we feed? Obviously we want to breastfeed them,
but if they are growing fast on formula what do we do? Do we restrict them?

Dr. Batubara: 1would like to comment on Dr. Adair’s data on small for gestational
age babies. If a baby catches up faster, he/she will have less lean body mass later on
and that will decrease the chance of having cardiovascular disease in later life. This
contradicts Dr. Lucas’ findings that a small for gestational age baby that catches up
faster will be at risk of cardiovascular disease in later life.

Dr. Adazr: 1think that there is still confusion about what we are referring to when
we refer to catch-up. Most of the studies on humans have focused on weight gain in
part because it’s so difficult to measure length, and many epidemiologic studies do not
have good length data or body composition data. If a child is growing in proportion and
putting on lean body mass then the adult risks may be different than if the child were
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putting on relatively more weight but not gaining in length, and I think that’s one of
the things that we miss when we focus on weight gain. It’s not an issue of our lack of
understanding that length is important but rather a limitation of the data in the cohort
studies that have adequate information from birth all the way to adulthood. There are
relatively few of those cohorts available from low and middle income countries to pro-
vide that data [5]. I am working with a group now to try to fill that gap.

Dr. Batubara: 1would like to hear Dr. Lucas’ comment on that.

Dr. Lucas: 1 do agree that all we can act on at the present time if we are going
to have any kinds of public health action based on the data, is the data that’s pub-
lished and the data on long-term health outcomes that’s published, apart from the
data that Dr. Adair has been talking about, which is the short-term health issue in
at risk communities, is largely based on weight. There is some length data in there,
and inasmuch as there is length data it does interestingly go in the same direction as
the weight data which at least sort of casts a little bit of doubt on what you just said
about healthy catch-up growth. I think certainly the studies that we’ve been involved
in have shown that catch-up in length is actually deleterious as well as catch-up in
weight, but I would be the first to accept that as yet we don’t have really detailed body
composition data. In the next bunch of studies, we will be able to address that ques-
tion more carefully. But I think that if we are going to respond to current data, all we
can do is to do simple things in keeping with what we know. I think the only public
health suggestion that has been made in relation to programming is that in low-risk
moderately growth-retarded babies we don’t actively intervene to drive the baby up
the centile chart given our current knowledge that that might potentially be harmful,
and there is no particular evidence in a low-risk population that that is a good thing to
do anymore. That’s the only piece of advice that has come out of this, we are not in a
position to do anything more sophisticated than that bearing in mind that the data are
not more sophisticated than that, and I think that for large tracks of the world what
Dr. Adair has been talking about is much more important than what the first speakers
have been talking about in relation to programming, and I hope that message is very
clear now.

Dr. Adazr: And the other thing, I think we need to recognize that the studies of
long-term outcomes that try to parse out the relative importance of child growth in the
early time period, say from birth to 2 or 3 years, versus adult obesity by and large show
us that the impact of adult obesity is much larger than the effects of early growth;
so if we want to really deal with the problem of chronic disease, we need to prevent
obesity.

Dr. Hui Li: What is healthy catch-up growth? And what is the time window for
catch-up?

Dr. Adair: 1think that what is optimal growth is probably proportional growth, so
we need to look at weight relative to length and at where fat is deposited in the body.
We want to avoid excess deposition of abdominal fat which we know is associated with
increased cardiovascular disease risk. That’s why it’s going to be so important for us
to understand where and how the weight is being gained in a child with rapid weight
gain. I don’t know if we can say for sure what the ideal body composition of an infant
is, but we may take some hints from the growth of the exclusively breastfed infants.
Your second question was the window for catch-up. Again, it depends on whether we
are talking about weight gain or whether we are talking about length gain. We know
that with respect to adult height, most adult height differences are determined by age
2 [6], so the first 2 years of life are really critical. A number of studies of the long-term
effects of excess weight gain or high BMI show that mid-childhood is also an important
period for weight gain associated with adult cardiovascular disease risk, so it really
depends on the outcome that we are looking at.
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Abstract

A clear relationship exists between undernutrition, poorer growth and poor devel-
opment in term and preterm infants. However, preterm infants are at greater risk than
term infants. Undernutrition is more common and ‘programmed’ growth rates are
almost six times faster. Thus, even short periods of nutritional deprivation may have
significant effects. Recent advances have led to an improvement in early growth but
very low birthweight infants remain small for gestational age at hospital discharge.
Studies suggest that a ‘window of opportunity’ exists after hospital discharge, in that
better growth between discharge and 2-3 months corrected age is paralleled by bet-
ter development, and poorer growth is associated with poorer development. However,
interventions aimed at improving growth and development have yielded varying
results. This may partly be related to differences in study design as well as the com-
position of the nutrient-enriched formulas. Irrespective, one point is concerning, i.e.
infant boys appear to be at a developmental disadvantage when fed a term infant for-
mula after discharge. A single study has also suggested that dietary intervention can
improve brain growth in term and preterm infants with perinatal brain injury. However,
concern has been expressed about rapid ‘catch-up’ growth in preterm infants and the
development of insulin resistance and visceral adiposity. Data from our group do not
support the idea of increased or altered adiposity in preterm infants fed a nutrient-
enriched formula after hospital discharge.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Nutrients play a critical role the promotion of normal health and prevention
of disease [1]. It is, therefore, not surprising that malnutrition can be directly
related to significant alterations in organ structure and function which are
paralleled by an increased morbidity and mortality in adults and children [1].
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However, the effects of malnutrition appear to be greater during early infancy
than later on in life. There are several reasons for this.

Requirements are a function of growth rate, the greater the rate, the greater
the requirement, the more likely that deficiency will occur. Growth rates are
greater during infancy than later in life, i.e. the term infant will double birth-
weight by 4-5 months, triple birthweight by 12 months and approximately
quadruple it by 24 months.

Studies have also suggested that growth is ‘preprogrammed’ to occur at
a certain time or ‘critical’ epoch which if missed may not recoverable [2].
In effect, even short periods of nutritional deprivation may not only affect
somatic but also brain growth and development [2], the area of the brain that
is ‘programmed’ to grow fastest being the most affected [3].

Studies in term infants have shown that malnutrition during infancy is asso-
ciated with permanent alterations in brain growth and function. Brain size is
reduced [4-8], the brain cortex is thinner [9], neuronal numbers are decreased
[10], myelination is reduced [11] and dendritic morphology is altered [12, 13],
all of which can be related to poorer neurodevelopmental outcome [14-22].

Concerns for the term are even greater in preterm infants. Growth rates are
greater. A preterm infant is ‘programmed’ to quadruple brain weight between
24 and 40 weeks’ gestation or 16 weeks [23], almost 6 times faster than the
term infant. Preterm infants are more vulnerable to the effects of perinatal
ischemia and inflammation, therefore the development of periventricular
intraventricular hemorrhage and periventricular leukomalacia [24]. They are
also more likely to be fetally and/or postnatally malnourished. Up to 40% of
preterm infants are small for gestational age (SGA) at birth [25], while up to
100% of very low birthweight infants are SGA at hospital discharge [26].

Poor fetal growth is paralleled by reduced organ growth as well as altered
structure and function [27] but not all organ systems are affected equally. This
is nicely illustrated in the study of Myers et al. [28]. In this study, 30% reduc-
tion in bodyweight in SGA monkeys was associated with an 8% reduction in
brain weight but >35% reduction in lung, liver, pancreatic and spleen weights
when compared to their AGA counterparts [28]. Thus, the brain is ‘spared’ at
the expense of other organs which, e.g. through the development of chronic
lung disease, sepsis, etc. [26], may amplify undernutrition by reducing intake
and/or altering requirements.

In the late 1980s and early 1990s, studies indicated that poor growth
between birth and hospital discharge was associated with poorer neurode-
velopment [29, 30] and that better growth, as achieved by feeding a nutrient-
enriched formula, was associated with better developmental outcomes [31,
32]. More recently, early parenteral nutrition coupled with the early intro-
duction and advancement of enteral feeds has been associated with better
growth but many infants continue to be SGA at hospital discharge [33-36].

There are several reasons for this. It takes time to establish adequate dietary
intakes in sick unstable preterm infants; the more immature the infant, the
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Table 1. Characteristics of study infants

Group

MGR-MGR MGR-SGR  SGR-MGR  SGR-SGR
(n=50) (n=18) (n=24) (n=16)

Birthweight, g 1,320 £ 339 1,348 +387 1,271 + 408 1,312 = 559
Gestation, weeks 30+1.6 30«18 29+23 28 £ 3.0
Bronchopulmonary dysplasia 13 (26%) 3(17%) 10 (42%) 6 (38%)
Abnormal cranial ultrasound 10 (20%) 5 (28%) 6 (25%) 3 (19%)
Periventricular leukomalacia 3 (6%) 2 (11%) 3 (13%) 1 (6%)
Cerebral palsy 4 (8%) 3 (17%) 2 (8%) 5 (30%)

longer it takes and the greater the accrued deficit [37]. Recommended intakes
are based upon needs for maintenance and normal growth, no allowance is
made for ‘catch-up’. Recommended intakes and acceptable growth rates are
related to bodyweight [38], which in most infants is suboptimal. Infants, there-
fore, remain underfed and consequently are SGA at hospital discharge.

A clear relationship exists between ‘catch-up’ growth and development
in preterm infants but the time frame within which it needs to occur is not
well delineated. In most studies, infants who ‘catch up’ or ‘catch back’ by 6-9
months’ corrected age have better neurodevelopmental outcome [29, 39-42].
The period of greatest growth velocity in these infants is just before term
until 1-2 months’ corrected age [43], a time frame that might also be consid-
ered as a ‘period of greatest opportunity’.

Our group in Newecastle decided to examine this issue more closely.
Preterm infants with a gestational age of <32 weeks were enrolled during
initial hospital stay. Bodyweight was determined at birth, 28 days, hospital
discharge and serially until 18 months. It was hypothesized that the greater
the degree of growth failure between birth and 28 days, i.e. fall in z score, the
poorer the development at 18 months.

At 28 days, infants were stratified into those who were mildly (fall in z
score <—1.0 SD; MGR) or severely (fall in z score >-1.0 SD; SGR) growth
retarded (GR). This process was repeated at 18 months and four groups
emerged; MGR-MGR ~ mildly GR at 28 days and 18 months, MGR-SGR ~
mildly GR at 28 days but severely GR at 18 months, SGR-MGR ~ severely GR
at 28 days but mildly GR at 18 months, SGR-SGR ~ severely GR at 28 days
and 18 months.

Of 132 families approached, 119 consented and complete data were
obtained in 108 infants at 18 months. The characteristics of the study groups
are presented in table 1. No differences were noted in birthweight, incidence
of bronchopulmonary dysplasia, abnormal cranial ultrasound and periven-
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Fig. 1. Growth in preterm infants (change in z score) from birth to 18 months.

tricular leukomalacia but gestational age and the incidence of cerebral palsy
differed significantly between the groups.

Growth of the study infants is presented in figure 1. Between birth and
28 days, all infants failed to thrive. Thereafter, all infants recovered to some
degree. However, recovery was more complete in the MGR-MGR and SGR-
MGR than in the MGR-SGR and SGR-SGR infants. Infants who ‘recovered’,
SGR-MGR did so between by 1-2 months’ corrected age. Infants, who ‘fal-
tered’, MGR-SGR GROUP, did so within the same time interval. Thus, infants
who ‘catch up’ or ‘falter’ do so at a time when programmed growth velocity is
greatest [43].

Bayley’s developmental scores are presented in table 2. A 17-point dif-
ference in Mental and Developmental Index (MDI; p < 0.01) and 14-point
difference in Psychomotor Developmental Index (PDI; p < 0.05) was noted
between the SGR-SGR and MGR-MGR infants supporting the original hypoth-
esis. However, an 18-point difference in MDI (p < 0.05) and a 14-point (p
< 0.10) difference in PDI were noted between SGR-SGR and the SGR-MGR
infants. When infants with cerebral palsy are excluded, differences in MDI but
not PDI persist between the study groups.

Thus, poor growth between hospital discharge and 1-2 months’ corrected
age was related to poor development, while better growth during the same
time frame was associated with better development. Although the results are
confounded by the presence of cerebral palsy, growth during this period was
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Table 2. MDI and PDI scores in study infants

Group

MGR-MGR MGR-SGR SGR-MGR SGR-SGR
(n=50) (n=18) (n=16) (n=24)

MDI 93 =18 91«15 95«1 77+ 19 SGR-SGR <
MGR-MGR
(p <0.007)
MGR-SGR
(p<0.03)
SGR-MGR
(p < 0.0003)

PDI 90 = 17 83+ 19 87 +19 77 + 22 SGR-SGR <
MGR-MGR
(p <0.007)
SGR-MGR
(p =0.09)

MDI! 96 + 15 93 + 20 98 + 16 88 £ 11 SGR-SGR <
MGR-MGR
(p <0.05)
SGR-MGR
(p =0.08)

PDI! 94 = 13 89 = 15 91 = 14 89 = 16

I Infants with cerebral palsy excluded.

a clear marker for development at 18 months. If infants are to ‘catch up’, this
is the time to do it.

Interventions that improve postdischarge growth, therefore, should also
improve development. Several studies have examined the effects of feeding a
nutrient-enriched formula on growth in the preterm infants after hospital dis-
charge, with only two examining neurodevelopment [44, 45] and one assess-
ing head growth and function [46].

In the study of Lucas et al. [44], preterm infants (n = 229, <37 weeks’ ges-
tation) were fed either a nutrient-enriched or a standard term infant formula
between discharge and 9 months’ corrected age. At 9 months, infants fed the
nutrient-enriched formula were heavier and longer at 9 months, an effect that
was more marked in boys; no differences were noted in head circumference
or development. At 18 months, infants fed the nutrient-enriched formula
remained longer but no differences were noted in weight, head circumference
or development. Infants fed the nutrient-enriched formula had a ~3-point
advantage in PDI, and it was concluded that they ‘could not reject the hypoth-
esis that postdischarge nutrition benefits motor development’ [44].
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Table 3. MDI and PDI scores in study infants

Formula group Nutrient-enriched Term Nutrient-enriched
+ term

MDI

All 102 + 14 103 = 14 102 £ 11

Girls 103 + 14 107 + 14 104 + 12

Boys 100 = 15 97 + 11 99 + 11

PDI

All 102 + 8 103 +9 99+ 8

Girls 103 + 8 106+ 9 98 + 8

Boys 101+ 7 1017 101 =7

Lucas et al. [44] and Cooke et al. [45] also fed preterm infants (n = 113, <34
weeks’ gestation) either a nutrient-enriched or a term formula between dis-
charge and 6 months’ corrected age. Boys fed the nutrient-enriched formula
were heavier, longer and had a greater head circumference at 6, 12 and 18
months. No differences were detected on growth in girls. No differences were
noted in MDI or PDI between the treatment groups (table 3). However, boys fed
the term formula had (a) the lowest head circumference and the lowest MDI, 10
points lower than girls fed the term formula, and (b) an MDI that was 3 points
lower when compared to boys fed the nutrient-enriched formula (table 3).

Some important insights can be obtained by comparing these two stud-
ies [44, 45]. Although enrollment criteria were different, i.e. infants with a
gestational age <37 vs. <34 weeks’ gestation, actual birthweights and ges-
tational ages in both studies were remarkably similar. However, major dif-
ferences existed in the composition of the nutrient-enriched formulas used:
protein (1.85 vs. 2.2 g/100 ml), energy (72 vs. 80 kcal/100 ml), calcium (70
vs. 108 mg/100 ml) and phosphorus (35 vs. 54 mg/100 ml), which may explain
the more consistent improvement in growth in the latter study, i.e. increased
weight, length and head circumference at all study points [45]. [rrespective,
both studies suggest that male infants are more likely to benefit from being
fed a nutrient-enriched formula after discharge. Unfortunately, neither study
was powered’ to detect such a difference.

More recently, Dabydeen et al. [46] prospectively randomized term and
preterm infants with perinatal brain injury to either a control or high-energy
and high-protein diet after perinatal brain injury during the 1st year of life.
Infants fed the high-energy and high-protein diet had a greater head growth
and axonal diameters when compared to the control group. It was concluded
that infants with significant perinatal brain injury had increased nutritional
requirements and that inadequate intake, as is commonly noted in neurologi-
cally impaired infants, may compromise subsequent brain growth [46].
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Table 4. Characteristics of the study groups

Group

A (n=56) Bm=57) C (n=26) D (n=25)

Birth

Weight, g 1,414 + 301 1,402 + 309 1,349 + 306 1,377 + 311
Gestation, weeks 31.3+2.3 30.9+2.3 30.7 +2.0 30.7+2.1
Weight, z score -09+1.0 -0.75+1.0 -085+1.1 -0.42 + 0.79
Entry z scores

Weight -1.36 +0.9 -1.44 +0.8 -1.48 +0.8 -1.59+0.8
Length -1.84+0.9 -1.98+1.0 -2.06+1.1 -2.01+1.0
Head circ. -0.10 £ 0.8 -0.156+1.0 -0.06+1.0 047 +1.0

A = Infants fed the nutrient-enriched formula; B = infants fed the term formula;
C = infants fed the nutrient-enriched + term formula; D = breastfed infants.

Collectively, these data [44-46] suggest that postdischarge nutrition can sig-
nificantly affect growth and development. In the case of the otherwise ‘normal’
preterm infant, male infants appear most likely to benefit. In infants with perina-
tal brain injury, both term and preterm infants may benefit. However, concern has
been expressed that rapid ‘catch-up’ growth may be associated with the develop-
ment of insulin resistance, central adiposity and metabolic syndrome X [47].

In arecent review, Ong [48] suggested that there are two types of ‘catch-up’
growth ‘good’ and ‘bad’. ‘Good’ was paralleled by an increase in linear growth
and lean body mass. ‘Bad’, which the author thought to be more common, was
associated with an increase in fat mass, central adiposity and insulin resis-
tance [48].

To examine this issue, data on body composition and regional fat accre-
tion were reviewed in preterm infants fed either the nutrient-enriched for-
mula (group A), term formula (B), preterm formula to term and term formula
to 6 months (C) and compared with a reference group of breastfed preterm
infants (D) [45, 49]. The characteristics of the groups are presented in table
4. No major differences were noted in birth characteristics or z scores at entry
into the study.

Growth of the study infants is presented in figure 2. Z scores for weight and
length were greater in A than B, C or D. The increase in z score for weight was
significant by term in A and by 12 weeks in B and D, not changing thereafter
in either group. The changes in z scores for length were significant by term in
A and by 12 weeks in B and D. Z scores for length continued to increase until
6 months in A and 12 months in B and D.

Changes in fat-free and fat mass are presented in table 5. Fat-free mass
and absolute fat mass were greater in A than B, C or D but no differences
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Fig. 2. Growth of study infants. @ Weight (g). b Length (cm). * p < 0.05, significant

differences vs. birth. ** p < 0.01, A > B, C, D at 12 months.

Table 5. Fat-free and fat mass in the study groups

Group Term 12 weeks 6 months 12 months
Fat-free A 2,745 + 445 4270 + 452 5,208 + 638 6,872 +806 A>1B
mass,g B 2,393 276 4,022 +411 5,139 +515 6,592 + 738 (p < 0.05)
C 2,607 244 3,948 +431 4,978 + 541 6,399 + 881 C (p < 0.001)
D 2,171 +296 3,762 + 1051 5,063 + 568 6,451 + 746 D (p < 0.005)
Fat A 570 +256 1,455 +461 2,033 +686 2,332 +679 A>B
mass, B 511 +222 1,367 +419 1,940 + 586 2,058 =477 (p < 0.05)
g C 566 + 204 1,188 +366 1,815+ 632 2,077 + 623 C (p < 0.005)
D 331 +128 1,365 +527 1,934 + 658 2,153 + 645 D (p < 0.005)
Percent A 17+5.5 25 +4.7 28 £5.9 26 +5H.3
B 17 £6.0 25+5.5 27+ 5.1 24 +44
C 18 +4.7 23 +4.1 26 +5.8 24 +45
D 13+3.2 25+8.2 27 +6.8 25+4.8
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Table 6. Regional fat distribution in study infants

Group Term 12 weeks 6 months 12 months
Torso A 113 +50 354 +129 427 +161 424 + 158
B 129 +53 333 +110 431 +128 373 =100
C 127 +46 266 + 99 383 £ 168 351 +79
D 87 £ 28 340 + 131 454 + 170 416 + 143
Pelvis A 59 + 20 179 =50 223 + 73 275 £ 102
B 53 + 22 162 + 50 205 £ b7 240 + 86
C 59 + 24 125 + 50 196 + 76 221 =101
D 61 + 34 163 + 63 234 + 82 242 + 92
Legs A 1569 +58 H00+ 155 736270 975+3564 A>B
B 133+ 73 451 +168 652 +£300 830 +271 (p < 0.005),
C 129+ 75 458 + 133 602 £247 822 +409 C (p<0.001,
D 98 + 58 454 + 183 654 +289 897+254 D (p<0.10)

Figures indicate grams.

were noted in percent fat mass. Regional fat accretion data are presented in
table 6. No differences were detected in torso or pelvic fat but fat accretion
on the legs was greater in infants fed the preterm formula when compared to
the other groups (p < 0.01). Indeed, 40% of the variation in global fat mass
was accounted by fat accretion on the legs.

Therefore, feeding a nutrient-enriched formula was associated with (a)
more rapid and more complete ‘catch-up’ in bodyweight and length, (b)
increased global fat-free and fat mass accretion, and (c) increased fat accre-
tion on legs, not on the trunk or pelvis. These data do not support the idea that
more rapid catch-up growth is associated with increased or altered adiposity
in preterm infants fed a nutrient-enriched formula after hospital discharge.

To summarize:

1 Preterm infants are at significant risk for undernutrition, poor growth
and development.

2 Recent advances in nutritional practices have led to an improve-
ment in early growth but many infants remain undergrown at hospital
discharge.

3 A critical ‘epoch of growth’ appears to exist between hospital discharge
and 2-3 months’ corrected age, during which ‘growth faltering’ is asso-
ciated with poorer development and ‘catch-up’ growth is associated
with improved development.

4 Interventions aimed at improving postdischarge growth:

a have yielded mixed results in otherwise ‘normal’ preterm infants, but
male infants appear most likely to benefit;
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b have been related to improved brain and axonal growth in term and
preterm infants with perinatal brain injury.
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Discussion

Dr. Davies: You spoke a little bit about variability in energy intake and protein
intake. I would like to hear your comments about variability in energy expenditure.
At the moment, we have got some data in 31- to 33-week-old infants which has been
published in abstract form that would show that total energy expenditure is much
more variable than you would think, and of course that will impact immediately on
variability in energy requirements, and hence that might contribute to the variability
that we see in growth, and [ wonder if your have any comment about that.

Dr. Cooke: This is a very broad subject with few longitudinal data in preterm
infants. There is significant variability depending upon the methodology used and the
time-frame examined. Bauer et al. [1] demonstrated a significant increase in energy
expenditure between birth and 3-4 weeks of age in preterm very low birthweight
infants and noted that energy expenditure increased significantly during the first 3-4
weeks of life. Our group have measured energy expenditure in older more mature pre-
term infants and noted that ‘variance in energy due to biologic variability, i.e. between
patients, was approximately 6 times greater than that associated with postnatal age,
weight, and weight gain’ [2].

Dr. Ke: The general understanding is that the number of neurons is fixed by mid-
gestation, and that is why we cannot malnourish a human fetus until mid-gestation.
I saw in one of your slides that the neuron number is decreased in these underprivi-
leged babies, that is one thing. The second thing is regarding yesterday’s puzzle about
the centiles. Preterm SGA babies are already less than the 10th centile; can we use the
mid-parental height or target centile as a guide for monitoring them?

Dr. Cooke: Neuron number may be fixed by mid-gestation but neuronal intercon-
ductivity, in terms of myelination, dendritic arborization, synapse formation and neu-
rotransmitter development may not. Recent data from Dabydeen et al. [3] suggest that
aggressive nutritional intervention, i.e. increasing energy and protein intakes to 120%
of the RDI, increases axonal growth and head growth in term and preterm infants
with perinatal brain injury. Our data and their data suggest that there is a window
within which recovery may be possible given the right ‘nutritional milieu’. Additional
important considerations are the presence/absence of bronchopulmonary dysplasia,
intercurrent infection, etc., which necessitate admission and interfere with the learn-
ing and development. Your second question?

Dr. Ke: Whether we can use the target height centile or the mid-parental height
centile as a guide to the growth of SGA babies.

Dr. Cooke: Preterm infants are all SGA, if not at birth then at hospital discharge.
It does not matter whether you are AGA or SGA at birth, what matters is how you
grow thereafter. What we must first do is limit the degree of growth between birth and
hospital discharge through more aggressive parental and enteral nutrition, as has been
suggested by Thureen et al. [4]. After hospital discharge, it is critical to closely identify
those infants not ‘recovering’ and intervene as necessary.

Dr. Daniel: With reference to postnatal growth in premature babies, do you think
we know enough to define what the minimum growth should be to at least try to avoid
the poor neurological outcome?

Dr. Cooke: There are good data from Ehrenkranz et al. [5] to suggest that a weight
gain 218 g/kg per day is neurodevelopmentally significant. Would that be correct Dr.
Lucas?

Dr. Lucas: Our best developmental scores were with 18 g/kg per day but anything
over 15 or 16 is a good target.

Dr. Cooke: However, intake related to a suboptimal weight will always ensure that
the baby is underfed, while adequacy of gain related to a suboptimal weight will ensure
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that infants never regain birth weight percentile [6]. Z scores and change in z score
between birth and a given time point is, perhaps, a better way of assessing what is
acceptable and what is not [7]. Data presented yesterday suggested that changes in z
scores > —1.0 were functionally significant in term infants; in immunologic terms, most
very low birthweight infants fall by >-2.0 between birth and hospital discharge. At hos-
pital discharge, they have also been noted to have reduced responses to Haemophilus
mfluenzae immunization [8].

Dr. Haschke: Your 2005 study indicated that under best nutritional conditions it’s
possible to gain 0.5 standard deviation scores. How many percentile channels would
they cross?

Dr. Cooke: Compared to birth, the greatest decrease in z score was —1.0 or —-0.67
units. Between birth and 2-3 months, they corrected by approximately +0.4 units.
They are not overshooting by much.

Dr. Haschke: 1am asking to address growth from birth onwards because premature
infants often fall behind during the first few weeks, which results in a lower standard
deviation score. In your study, feeding of different formulas resulted in a difference
of half a standard deviation score between 2—-3 months of age. Should we really be so
worried about this ‘catch-up growth’ in one group?

Dr. Cooke: Recovery to a z score which was <0.5 of where the infant began
appeared to be neurodevelopmentally beneficial. In terms of intermediate metabo-
lism, insulin resistance sensitivity and central adiposity, I am not sure. What I can tell
you is that the increase in weight and length in infants fed a nutrient-enriched formula
is not paralleled by increased or altered adiposity but an increase in total lean body
mass and an increase in peripheral fat mass. Expressed in weight z scores, the interval
score increased from —1.5 to +0.5.

Dr. Makrides: 1 wanted to come back to the boy-girl differences. You have made a
good case that the boys probably need more nutritional support than girls; however,
in the comparisons of the nutrient-enriched and non-nutrient-enriched post-discharge
formulas, the MDI difference for the girls was 4 points and less than 2 for the boys.
So, could it be that the boys may actually need further enrichment given that their
growth rate is actually faster than that of the girls? I wonder whether you have had a
chance to look at the babies that actually catch up and whether there are more girls
than boys.

Dr. Cooke: Alot of questions arose vis-a-vis differences in growth and development
between boys and girls after we finished the study. We have not determined whether
more girls ‘recovered’ or ‘caught-back’ than boys. What we noted from the intrauterine
growth charts was that programmed growth velocity, therefore needs, were greater in
boys between 24-26 and 33-34 weeks’ gestation, perhaps making them more suscep-
tible to even marginal levels of intake. Perhaps we need different formulations, just as
a preterm formula is recommended for all preterm infants weighing <1,500 g at birth,
so a more highly enriched formula is needed for boys during this critical time-frame.

Dr. Makrides: 1agree with you. I am also saying that we shouldn’t forget about the
girls because they need to be looked after too. The neurodevelopmental difference
looked more promising for the girls than for the boys.

Dr. Domelldf: 1 fully agree that postdischarge nutrition is very important. In
Sweden, even the smallest preterm infants are often fully breastfed at discharge. This
may be beneficial for cognitive development, but it doesn’t cover the theoretical nutri-
ent there requirements at this age. Do you think is a need for new products or proto-
cols for supplementation of breastfed preterms after discharge?

Dr. Cooke: Alan Lucas and his group have shown that preterm infants solely
breastfed after hospital discharge grew more poorly than infants randomized to a term
control or nutrient-enriched formula after hospital discharge [9]. We have also noted
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the same phenomenon. Recently, O’Connor et al. [10] have also noted better growth
in supplemented breast-fed infants after hospital discharge. Collectively, these data
suggest that breastfed infants who are not ‘thriving’ be supplemented. How best to

do

this remains unclear. In following these infants, bodyweight and length should be

measured and, perhaps, body composition.
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Abstract

Early childhood growth failure is a significant public health problem in develop-
ing countries. We examine relationships between low birthweight and stunting with
child development. Compared to children born with normal birthweight, low birth-
weight children have substantially poorer cognitive and schooling outcomes later in
life. Linear growth failure leading to stunting mostly occurs before age 2 years, with
stunting in older children reflecting growth failure in early life. Many studies show
that stunting is associated with poor mental and motor development in infants and
with low scores in cognitive tests, increased frequency of behavioral problems and
poor school achievement in older children. Very few studies have assessed the relative
importance for development of prenatal vs. postnatal growth failure and even fewer
have done so using appropriate statistical techniques. The limited evidence to date
suggests growth during the first 2 years of life is more important than growth at any
other time, including the prenatal period, for predicting later cognitive development,
schooling and educational achievement. In conclusion, children in settings of poverty
who experience growth failure prior to age 2 years have reduced potential to succeed
in school and to be productive members of society.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

Growth failure in early life is a significant public health problem in the
developing world. Some 11% of term newborns are low birthweight (LBW;
<2.5 kg), 20% (112 million) of children younger than 5 years old are under-
weight [weight-for-age z score (WAZ) <-2] and 32% (178 million) of children
younger than 5 years old are stunted [height-for-age z score (HAZ) <-2] [1].
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Early childhood growth retardation has varied adverse functional conse-
quences such as increased childhood morbidity and mortality and reduced
adult body size and work capacity. Also, growth retardation hinders motor,
cognitive, and socioemotional development, which in turn affects schooling
and individual and national income. The objective of this paper is to review
studies from low and middle income countries of the relationship between
growth failure and child development. Two key questions of this review are:
1 What is the relationship between LBW and stunting with child
development?
2 What is the relative importance of prenatal vs. postnatal growth failure
for child development?

Methods

Low Birthweight

LBW is usually defined as a birthweight less than 2.5 kg. Unlike in developed coun-
tries where the primary cause of LBW is prematurity (born before 37 weeks gestation),
most LBW babies in developing countries are intrauterine growth retarded and born
at term (completed 37 weeks of gestation). The prevalence of term LBW is highest in
Asia (12.4%), followed by Africa (8.9%) and Latin America (5.3%) [2]. This review is
focused exclusively on the consequences of term LBW.

Postnatal Growth,

Height is the preferred anthropometric indicator of overall child health [2].
Stunting, or short stature for age, is defined as HAZ <-2. Stunting is a common prob-
lem in developing countries, affecting 40.1% (57 million) children under 5 years of
age in Africa, 31.3% (112 million) in Asia and 16.1% (9 million) in Latin America [2].
Stunting is a cumulative process that begins in utero and continues to 2-3 years after
birth [3]; the intense period of growth failure generally ends by 12—-18 months of age
[4]. This period has been referred to as ‘the window of vulnerability’ but also as the
‘window of opportunity’. The latter designation calls attention to the fact that nutri-
tion interventions during this window will have the greatest impact in preventing child
malnutrition. This review is focused on longitudinal studies of the consequences of
postnatal growth failure.

Confounding Factors

The relationship between child growth retardation and child development is con-
founded by poverty [2, 5-7]. Poverty leads to both growth failure and to delayed child
development. Therefore, analyses of the relationship between growth failure and child
development must control for poverty indicators. The two most commonly used indi-
cators of poverty in the child growth and development literature are family socioeco-
nomic status (SES) and parental educational level.

Effect Size

Effect sizes provide a measure of the magnitude of associations and, for comparison
of two samples, for example, LBW and normal birthweight newborns, are estimated as
the difference between the two means divided by the pooled standard deviation. We
estimated effect sizes and 95% confidence interval when possible.
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LBW and Development

LBW and Cognitive Functions and Schooling

Table 1 summarizes studies [8-17] that compared developmental out-
comes in children born term LBW or normal birthweight (NBW). In Jamaica,
term LBW infants had poorer scores on problem solving ability at 7 months
(cover test: 1.9 vs. 2.9; support test: 1.6 vs. 2.5) [13] and had lower scores on
development quotients (DQ) at 15 months (109 vs. 112) and 24 months (94
vs. 98) [14].

In Brazil, mental and psychomotor development scores were compared
between LBW and NBW children at several points of time: 6 months, 12
months, 2 years and 8 years. At 6 months, the LBW infants were 4.2 points
lower in the Mental Development Index (MDI) and 7.3 points lower in the
Psychomotor Development Index (PDI) compared to NBW infants [8].
Differences increased at 12 months (MDI 7.0 points lower; PDI 9.9 points
lower) [8]. At 2 years, LBW infants had significantly lower mental (9.1 points
lower) and motor scores (10.2 points lower) than NBW infants [9]. At 8 years,
the LBW group had lower intelligent quotient (IQ) scores than NBW children
on the Wechsler Intelligence Scale for Children (WISC; 5 points lower on the
performance and 3 points lower in verbal) [10]. Another study in Brazil [11]
showed that LBW children scored 6 points lower in cognitive scores com-
pared to NBW children.

The relationship between LBW and cognitive development was also
explored in Guatemala [12]. Compared to NBW infants, LBW infants had sig-
nificantly lower scores on verbal but not memory scales at 36 months, but
no significant differences were found at 48 months and 60 months for either
scale.

A study in China [15] followed children until 16 years. The authors reported
that LBW children had a lower DQ than NBW subjects through 3 years, lower
IQ at 5 and 16 years, and lower scholastic achievement at 16 years. Results
from this study should be interpreted with caution because there was no con-
trol for poverty measures.

LBW was significantly associated with neuropsychomotor development at
12 months in two Brazilian cohorts, 1993 and 2004 [17]. LBW children in the
1993 cohort were 3 times more likely to fail in the screening test for develop-
ment compared to NBW children [16]. In addition, birthweight of women (but
not men) predicted entry into the university [18].

The effect sizes for cognitive outcomes ranged from -0.98 to -0.14
(fig. 1).

LBW is also associated with less schooling. In an analysis of data from five
prospective cohort studies from Brazil, Guatemala, India, The Philippines and
South Africa [2], an additional 1 kg in birthweight (equivalent to about 2 z
scores) was associated with an additional 0.3 years of schooling.

101



Martorell/Nguyen

8T'0— I80~ 6% 0- 76 89 DA syuow g
A7 11 7002
SOk SOk 8T'0— 080~ 6% 0~ 76 89 OA  syuour gy eoreuref “Te 10 ToYrem
8T'0— 280~ 090~ L8 69 1591 J10ddng
€11 €003
SOk SOk 080~ 980- €50~ L8 69 1597 19A0)) syjuou , BOTRWRL R 19 JOUPIRY)
G600 690- 2€0- 9. ¥ [RIS9U] SIe9A G
€30 090~ FT0- 9. ¥ ATowdy
120 €50- 910~ 9. ¥ [BQIOA s1eoA ¥
FI'0 090- €30~ 9. 8% A1ouId|
[21] 2661
ON S9k  F00— 8.0~ TI¥0- 9L 157 [BQI9A SIROA ¢ B[RWSIRNY) “[e 79 URULION)
[1118002
SOk SOk LZ0~ 0L0- 8F 0~ 963 05 Y ISddM SIBAA G [rzeig “Te 19 sojues
900 990— G20 18 €8 [eqIoA
{011 9002
SOx SOk 100— €90- Zg0— 18 <] 9OURULIOJIDJ SIe9A Q [zeig e 19 puowyy
L20- 260- 690 9L 9L AN
1161 2002
SOk SOk 60— ¥60- 190- 9. 9. Idd  SYUoW $g [zeig e 0 weundIy
60— 860— L90~ 78 78 AN
€90— LZT- S60- 78 78 Iad  syuow g1
1181 8661
060~ L0T— 6.0~ 201 20T AN “Te 19 J08210ON
SOk SOk 690~ LZT- 860~ 20T 20T 1ad sypuour 9 Trzeig -ureyjuern
surooyds  SHS
WS%CSQCOU 9ZIS U2IPIYO U2IPTIYO JUoWISSoSSe
103 [0IU0)) 1D %G6 1991 MAN MdT SaWI00IN(Q) 18 98y Arpunop oyny

yewdo[aAsp P pue NG “T 2191

102



Interrelationship between Growth and Development

Tizelg ‘Se)o[e Ul 110100 B Ul PajOoNPUO0d 919M SSIPNIS 8], 4,
“RUI)) UT 1I00D ® UT POJONPUOD Sem Apnis ST, ¢

“ROTRUIR( ‘UOISSUTY UT 100D © UT POJONPUOD 9I9M SITPNIS 9SO, ,
‘TiZexg 1SeILION Ul 0ONQUIRILIS] JO 97®1S S} U 100D B UT P2JONPUOD dI8M SAIPNIS 9Sal], ¢
"POSIARY 90URSI[RIU] JO 91ROS ATRWILIJ PUL [00UIS-9LJ I9[SUI9M = Y-ISddM

ON

oN

ON

ON

SOk

S9x

SO

ON

cE 0~
0€°0~
cl'0-
660~
G¥'0-

LE0~

Yo' 1—  8L0-
9I'T—  €L0-
8L°0— 4GV 0-
L0°T—  €L0-
€'l 6L0-
g0'1T—  TL0-

L62'%
#0072

1I009) L06'G pue
(€661 110402) F9¢'T

6221
i
i
09
09
09

09

661
0¥
1%
g8
g8
g8

g8

A1jus AJISIDATUN
1597 ][ JoAUR(]

1597 I IoAUR(]

SIe9A €7
syuour g1

syjuout g1
SIeak 9T
SIBIA G
SIRIA &
SYIUoW 3¢
Syjuour g1

syuour g

Tzeg

Tzeg

nzeag

eun)

+[811 8003
“1e 79 soareq

#[LT1 8008
“1e 19 uadiey

#1911 9661
“1e 10 uadaey

¢lST] G002
“Ie 10 Susg

103



Martorell/Nguyen

Problem solving tests [ Jamaica, 7 months
| Jamaica, 15 months

Development quotient [ Jamaica, 24 months

Memory b7
72/

Memory 7{/////////6 Guatemala, 4 years
Z

Verbal

Guatemala, 3 years

Verbal

N

Integral Guatemala, 5 years

MDI [ Brazil, 6 months

PDI |

MDI [ Brazil, 12 months

PDI |

MDI I .
PDI I Brazil, 24 months

Verbal

| Brazil, 8 years
Performance |

WPPSI-R

:| Brazil, 5 years

China, 16 years
China, 5 years
China, 3 years
China, 24 months
China, 12 months
China, 6 months

DQ till 3 years,
and 1Q for 5 and 16 years

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0
Effect size

Fig. 1. Effect size in studies of LBW and child development. WPPSI-R = Wechsler
Pre-School and Primary Scale of Intelligence Revised.

LBW and Behavioral Problems

LBW infants experienced more behavioral problems such as being less
cooperative, happy, and active compared to NBW infants in Jamaica [13] and
Brazil [8]. In addition, LBW infants were more inhibited than NBW infants [8].
Another study in Brazilian children [10] showed that LBW had an indepen-
dent, adverse effect on coordination and selective attention after controlling
for social background.

Postnatal Growth and Development

A summary of longitudinal studies [19-37] that assess stunting and child
development is shown in table 2.
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Postnatal Growth and Cognitive Development

Growth retardation in early childhood had a linear, inverse association with
gross and fine motor development in Pakistan [22] and Guatemala [26]. In
Pakistan, compared to nonstunted children, stunted children had delayed age
at independent walking (indicator of gross motor development) of 2.1 months
and age at building a three-cube tower (indicator of fine motor development)
of 0.7 months.

Several reports are available from the INCAP longitudinal cohort study in
Guatemala. Growth in length or weight, rather than size at birth, predicted age
at walking. Children who were 1 SD or more lower in their LAZ score during
the 1st year of life started walking 0.6 months later [26]. In addition, gains in
length and weight during the first 24 months were positively associated with
child development at 36 months [27]. Associations between early childhood
growth and cognitive function remained evident in late adolescence and adult-
hood. Height at 36 months was related to cognition, literacy, numeracy and
general knowledge in children 18 years of age, and severely stunted males and
females had 1.8 and 1 fewer years of schooling, respectively, than nonstunted
subjects [28]. In an econometric analysis, preschool nutrition, as proxied by
stunting at 6 years of age, was found to have a substantial impact on read-
ing-comprehension and nonverbal cognitive skills in adults aged 25-42 years
[30]. For example, the impact on reading-comprehension scores of not being
stunted at age 6 was equivalent to the impact of four grades of schooling.

The relationship between stunting during the first 2 years of life and cogni-
tive development later in childhood (age 8 and 11 years) was examined in a
cohort of 2,198 Filipino children participating in the Cebu Longitudinal Health
and Nutrition Study. Children stunted in the first 2 years had reduced cogni-
tive performance [19], with a dose-response relationship between severity of
stunting and cognitive scores. At age 8, children with severe and moderate
early stunting had mean cognitive scores 0.61 SD and 0.25 SD, respectively,
below the mean of nonstunted children [19]. The deficits in the stunted chil-
dren’s scores were less at age 11 than at age 8, but still were 0.3 SD lower
than in nonstunted children.

Peruvian children with severe stunting in the 2nd year of life scored 10
points lower on the WISC-R test at age 9 years compared to children without
severe stunting [23].

In a prospective cohort study of Jamaican children, stunted children at age
2 years had poorer cognitive scores in childhood and adolescence than chil-
dren who were not stunted. At age 2 years, stunted children had 8.4 points
less in D@ score compared to nonstunted children [31]. At ages 7 and 11
years, stunted children had poorer IQs and poorer cognitive function than
children who were not stunted [32, 33]. The adverse effects of stunting on
development remained evident in late adolescence; stunted children had sig-
nificantly lower scores than the nonstunted children on 10 of 11 cognitive and
educational tests at ages 17-18 years [34].
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Fig. 2. Effect sizes of stunting on cognition in developing countries (data for effect
sizes obtained from Grantham-McGregor et al. [38]). Moderately or severely stunted
was defined as HAZ <-2. Mildly stunted was defined as -2< HAZ <-1.

Effect sizes of cognitive deficits in later life associated with stunting in
early childhood were calculated from data from the Philippines, Jamaica,
Peru, Indonesia, Brazil and South Africa by Grantham-McGregor et al.
[38]. Compared with nonstunted children, moderately or severely stunted
had lower cognition scores, with effect sizes ranging from —0.4 to —1.05 SD

(fig. 2).

Postnatal Growth and Schooling

The association between HAZ at 2 years and schooling trajectories was
evaluated at age 18 years in the Philippines [20]. After adjustment for con-
founders, greater HAZ was significantly associated with earlier enrollment
among boys (OR = 1.44; 95% CI: 1.04-1.98), less grade repetition (girls: OR
=0.78, 95% CI: 0.67-0.89, and boys: 0.86; 95% CI: 0.74-0.99), and less likeli-
hood of dropping out of school (girls: OR = 0.74, 95% CI: 0.56-0.98, and boys:
OR = 0.66, 95% CI: 0.51-0.84). In Guatemala, height and head circumference
(HOC) at 2 years (but not birth size) were positively associated with women’s
education achievement at ages 20-29 years [29].

A study in Zimbabwe [41] estimated that if the median HAZ score at 3 years
were shifted from the observed value of —1.25 to 0 , the result would be that
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children would start school 6 months earlier and obtain an additional 0.85
grade of schooling. Results from analyses of five cohort studies from Brazil,
Guatemala, India, the Philippines, and South Africa showed that, after con-
trolling for confounding, HAZ and WAZ were strong predictors of schooling
[2]. Each additional unit of HAZ or WAZ was associated with about 0.5 years
of schooling.

Postnatal Growth and Behavior

Length and weight were the anthropometric variables most strongly cor-
related with behavioral development, with changes in length or weight over
time correlated with changes in behavioral performance [25]. Results from
Jamaica suggest that children who became stunted in early life had poorer
emotional and behavioral outcomes in late adolescence compared to children
who were never stunted [36]. The stunted participants reported significantly
more anxiety (regression coefficient = 3.03; 95% CI: 0.99-5.08) and depres-
sive symptoms (0.37; 95% CI: 0.01-0.72) and lower self-esteem (-1.67; 95%
CI: -0.38 to —2.97) than nonstunted participants and were reported by their
parents to be more hyperactive (1.29; 95% CI: 0.12-2.46) [37].

Control for Confounding in Studies of Growth and Development

Most of the studies that assessed the relationship between LBW, physical
growth and child development attempted to control for possible confounding
through variables such as SES and parental education. However, how this
was done in practice varied greatly across studies. For example, some stud-
ies [8-10, 19, 20, 23] controlled for both mother and father’s schooling, while
other studies [13, 14, 26-29, 31-34, 36] only controlled for mother’s literacy.
The measures used for SES varied as well. For example, Filipino [19, 20],
Brazilian [8-10] and Guatemalan studies [12, 26-30] used a variety of infor-
mation in generating an index of SES, including family income, household
amenities and assets, housing quality, and water and sanitation. A study in
Pakistan [22], on the other hand, used residence (city, urban slum, periurban
slum, village) as the single measure of SES.

Although both SES and growth were strongly associated with child devel-
opment, the relationships with SES was of greater magnitude. For example,
in a multiple linear regression analysis in a study in Brazil [9], SES explained
11 and 12%, respectively, of the variation in mental and motor indices, while
the corresponding statistics for LBW were 3 and 5%, respectively, in children
24 months of age.

Controlling for SES and parental education often attenuated the effects of
LBW or stunting on child development. In Brazil, the LBW group had lower IQ
scores at 8 years of age than NBW children (difference = 5 points, p = 0.04)
[10]. After controlling for SES, the association with birthweight was attenu-
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ated (difference = 4 points, p = 0.10), whereas family income and maternal
education remained strong, significant predictors [10]. In other studies, atten-
uation was observed but the associations remained statistically significant in
adjusted models. In Peru, children with severe stunting in the 2nd year of life
scored 13.2 points lower on the WISC-R test than children without severe
stunting; this difference was reduced to 10 points after controlling for SES
and parental education [23]. In the Philippines, taller boys and girls were less
likely to repeat grades, 33 and 27% respectively, in unadjusted models; this
difference was reduced to 22 and 14%, respectively, in adjusted models [20].
Also in the Philippines, stunted children had mean cognitive scores that were
0.40 SD lower than nonstunted children in an unadjusted model, but this was
reduced to 0.14 SD in an adjusted model [19]. Attenuation of associations was
also evident for several outcomes in Guatemala studies [26, 27, 29].

Controlling for confounding is important. When this is done, one observes
slight to modest attenuation of associations but in many cases, the associa-
tions remain statistically significant. While this suggests an independent, true
association, researchers must be concerned about residual confounding. It is
possible that the measures of SES and education used were not perfect and
that better measures of confounding would have attenuated the associations
even more.

Relative Importance of Prenatal vs. Postnatal Growth for Child
Development Outcomes

The evidence is overwhelming that both LBW and stunting are associated
with large deficits in cognitive performance and schooling. Since birthweight
influences postnatal growth and stunting reflects growth failure in utero and
the first 2 years of life, this tells us little about the relative importance of
prenatal vs. postnatal growth for developmental outcomes. The question is
not trivial; understanding the relative importance of prenatal and postnatal
growth helps define which periods in life are most critical for human capi-
tal outcomes such as cognitive development and schooling and helps guide
the design and targeting of appropriate interventions to enhance human
development.

Several studies [22, 39, 40] on this topic did not take the correlation
between growth measures at different points in time into account and hence
their conclusions are questionable. For example, a study by Horta et al. [40]
included birthweight z score and WAZ at two different time points in the
same regression model; this analysis may cause problems of multicollinear-
ity (because birthweight and later weights are strongly correlated) and does
not correct for the intercorrelation among weight measures over time. Other
studies [39] used both birth measures and gains in infancy in the same model,
which also has the problem of including a common error term.
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Appropriate Analytic Approaches to Assess the Relative
Importance of Growth across Periods

There are at least two methodological approaches that have been pro-
posed to address the problem, Multiple Stage Least Square (SLS) [45] and
Structural Equation Modeling (SEM). However, only one study [41] so far has
used SEM.

SLS (such as 2-SLS or 3-SLS) refer to (1) a stage in which new dependent
or endogenous variables are created to substitute for the original ones, and (2)
a stage in which the regression is computed in ordinary least squares fashion,
but using the newly created variables. Multiple SLS regression removes the
bias that results due to correlation between measures of initial size and sub-
sequent growth. It also addresses the problems of multicollinearity, common
measurement error terms, and complicated interpretation of regression coef-
ficients when compared to results from models in which both initial and sub-
sequent size are simultaneously entered [42]. For example, if we have data at
birth and at 2 years, we can partition the effects of prenatal (size at birth) and
early postnatal growth (size at 2 years) on child development using a 2-SLS
analysis. The first stage of 2-SLS involves the prediction of later size from
initial size and the calculation of residuals that serve as better measures of
subsequent growth because they are independent of initial size. In the second
stage, child birth size and the residual are used as independent variables for
assessing the relative importance of prenatal vs. postnatal effects in regres-
sion models.

Review of Studies That Used Appropriate Methods for Assessing
the Relative Importance of Prenatal vs. Postnatal Growth on
Child Development

There are very few studies in developing countries that look at the relative
importance of child growth at different periods of child development and that
do so using appropriate methods. A study in Guatemala [29] examined the
long-term relationship of growth in early life with educational achievement
in adulthood (at ages 20-29 years). The authors used a 2-SLS approach to
partition the variances of size at 2 years into two components: the prenatal
and early postnatal (0-2 years) components and a 3-SLS approach to par-
tition the variances of adult height into three components: prenatal, early,
and late postnatal (2 years to adulthood). Results indicate that early child-
hood growth is a significant predictor of women’s educational achievement,
even after adjusting for SES and age at follow-up. In particular, growth during
the early postnatal period (birth to age 2 years) but not the prenatal or the
late postnatal period was the only variable predictive of women’s educational
achievement. For each 1 SD increment in length in the early postnatal period,
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the odds of having higher education achievement were 1.5 (95% CI: 1.05-2.2)
[29].

In another study from Guatemala, the authors used 2 SLS methods to
assess the relative effect of prenatal and postnatal growth on child devel-
opment. Birth size was significantly associated with child development at 6
and 24 months. Gain in length and weight during the first 24 months was
positively associated with child development, whereas growth from 24 to 36
months of age was not associated with child development at 36 months. HC
gain after 6 months was not a significant predictor of child development at 24
and 36 months [27].

Similar studies are also rare in developed countries. Two studies in the
UK [43, 44] used the SLS method to investigate the relationship between HC
growth (indicator of brain growth) during different periods and cognitive
function in children at 8-9 years of age. One study [43] suggested that post-
natal brain growth is more important than prenatal brain growth for cognitive
function. For each SD increase in HC at 9 months and 9 years of age, 1Q at
age 9 years rose by 1.98 points (95% CI: 0.34-3.62) and 2.87 points (95%
CI: 1.05-4.69), respectively. However, there was no relationship between 1Q
and HC at 18 weeks’ gestation or at birth [43]. In the second study [44], the
association between HC at birth, 1 year, 4 years and 8 years and cognitive
performance at 4 and 8 years was evaluated. HC growth during infancy but
not thereafter was associated with IQ at 4 and 8 years. For each SD increase
in HC between birth and 1 year, full-scale 1Q at 4 and 8 years was increased
by 1.97 (95% CI: 0.68-3.26) and 1.566 (95% CI: 0.11-3.01) points, respectively
[44].

Possible Mechanisms Liking Growth Retardation and Poor
Development

Various mechanisms, none mutually exclusive, have been proposed to
explain the interrelationship between malnutrition (or its indicator, growth
failure) and poor development (fig. 3). The oldest idea posits that the rela-
tionship is mediated through changes in the structure or biochemistry of the
brain that impair the functioning of the central nervous system [45], but there
are several plausible mechanisms of a more subtle nature [46]. Malnutrition
delays motor development [22, 26] and this in turn reduces children’s inter-
action with the environment and affects skills acquisition. Deficiencies in
some nutrients, such as zinc, increase the incidence of diarrheal diseases and
pneumonia [47]. These common illnesses are usually accompanied by apathy,
withdrawal and days in bed. During these episodes of illness, there is dimin-
ished exploration of the environment, which in turn delays intellectual devel-
opment. Malnourished children are stunted and thus appear younger; this
may shape the interaction with others, particularly adults. Stunted children
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Fig. 3. Possible mechanisms related to malnutrition, growth retardation and poor
mental development (figure adapted from Brown and Pollitt [46]).

may be less likely to be challenged to explore and expand their capabilities by
care-takers and teachers.

Conclusions

Growth retardation in early childhood is linked to delayed cognitive devel-
opment, reduced schooling and behavioral problems in children and adults.
The relative importance of prenatal and postnatal growth on development is
not well understood, but it would appear that the adequacy of growth during
the first 2 years of life is the critical factor, perhaps even more important that
intrauterine growth. The prevention of malnutrition during pregnancy and
early childhood is an important strategy for improving cognitive and school-
ing outcomes.
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Discussion

Dr. Mobarak: How did you measure school failure? And how did you measure cog-
nitive development in children under 2 years, especially very small children, because
in the Columbia University study we studied 4,000 children and we had a lot of dif-
ficulties in performing cognitive and hearing assessments in children under 2 years.
About 66% of the children could not be tested because they were either very shy or
didn’t turn up.
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Dr. Martorell: School failure measures are derived from schooling histories. In the
analyses of our five cohorts, we defined school failure as ever fail a grade because
that was a variable that we had in all sites. Your question about measuring develop-
mental outcomes in young children identifies a challenge for researchers. How do you
get young children to cooperate, because tests typically demand a lot of interaction
between the tester, child and mother. I am not a psychologist, but I have collaborated
with psychologists in many studies. In all cases, we have collected the data in a quiet
setting, specially accommodated for testing and centrally located. We use testers that
are familiar with the local culture, and that are trained to gain the trust of the child
and mother. Sometimes, as you say, it’s impossible on a given day to test a child and
you have to re-schedule him. It is difficult, but it can be done.

Dr. Mobarak: In terms of child development, we have seen that a lot of children
were vitamin A deficient, and also a lot of children had hearing deficits because of
post-otitis media. These children were not attending school properly due to visual and
hearing problems, not cognitive problems. So there were a lot of confounding factors
in the school failure in our study.

Dr. Martorell: That’s another good point that there are some children that for a
number of reasons are not typical. In cases with chronic conditions, usually identified
through pediatric examinations, we code these children as atypical and deal with this
information in the analysis. We do not usually find very many children that are atypi-
cal. If a child is ill with common problems, such as diarrhea, we re-schedule the visit.

Dr. Boey: 1would like to mention what both you and Dr. Cooke stated this morning
about the problem of interpreting the effect of nutritional factors on growth and devel-
opment due to confounding factors such as socioeconomic factors, poverty, mother’s
education and many other factors. My concern is that these factors are so varied that
in spite of even the best statistical methods sometimes we can get quite different
results and sometimes even opposing results. Are you concerned about this, and how
do you think we can overcome this and get some meaningful objective answers.

Dr. Martorell: As 1 said in the presentation, we included only those studies that
included control for confounding. There are some very good studies that have gone
to great lengths to control for confounding and that find robust relationships between
growth failure and developmental outcomes. We have also been using econometric
methods that control for endogeneity and that are reputed by economists to control
for confounding. Our own study in Guatemala is a follow-up of individuals who partici-
pated as children in a community randomized nutrition trial. We have shown that the
nutrition intervention reduced stunting in early life and improved schooling, cognitive
outcomes and wages in adults [1-4]. What is re-assuring is that the nutrition interven-
tion only reduced stunting when provided prior to 3 years of age, and that similarly
only exposure to improved nutrition prior to 3 years of life impacted on adult human
capital outcomes. Finally, the Chinese famine of 1959-1961, associated with the Great
Leap Forward, led to shorter adult heights and reduced incomes and wealth in adults
that were born during the famine compared to those exposed to the famine at older
ages or born after the famine [5].

Dr. Adair: We have talked about evidence that recovery or catch-up can improve
morbidity and mortality outcomes. Is there evidence that recovery or catch-up can
improve the outcomes that you have been talking about and if so what’s the window, is
it the same as for these other outcomes?

Dr. Martorell: The best data I know come from children who are adopted, and of
these some of the most interesting were carried out in the 1970s by Winick et al. [6]
and Winick [7]. They studied children from Korean orphanages who were adopted
by US familes. 1Q was tested at school age in the US and the sample was divided
by degree of malnutrition on admission to the orphanage (based on weight: severe,
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moderate and none) and timing of adoption (before of after 2 years of age). They
found that as a whole, the children had IQs that were slightly above normal for US chil-
dren, despite the early history. There was a difference of about 5 IQ points between
children adopted before and after 2 years of age. Also, there was a difference of about
10 IQ points between the extreme categories of malnutrition (severe vs. no malnutri-
tion) in both the children adopted before and after 2 years of age. There are more
recent adoption reports that also show that the ability of children to recover from
adverse early beginnings is great but that more is gained if the children are adopted
before the age of 2 years [8].

Dr. Gillman: T have a specific question and a general question. I missed what you
said about length earlier and whether in the observational studies and cohort studies
increasing length or weight-for-length or both gave the same beneficial educational
outcomes. The more general question is about comparing prenatal with postnatal
growth. We have heard a number of speakers say that postnatal growth is more impor-
tant for certain outcomes, and I am asking this question out of concern that we dimin-
ish the importance of prenatal interventions. I guess the question is how do we really
compare postnatal with prenatal growth, number one because we often use just the
size at birth to represent a growth parameter prenatally, and number two because
you have the mother and the placenta as well as the fetus, so can we really compare
them, how do we compare them, what does it mean for inferences and implications
for intervention?

Dr. Martorell: Your first question about length, weight for length and weight,
clearly depends on the outcome. If you are looking at outcomes like future obesity, I
think weight for length is really quite important, but for these educational outcomes
and human capital outcomes the key variable is length. In a paper of the 2008 Lancet
series on maternal and child undernutrition, we categorically state that length is the
best predictor of human capital [9]. Your second question about the relative impor-
tance of prenatal vs. postnatal growth is a difficult issue. Few people use methods that
remove the correlation between prenatal status and postnatal growth, which is neces-
sary to properly answer the question. When we do that, we find that growth is more
important for schooling outcomes than prenatal growth, but birthweight, however
imperfect a measure of prenatal growth it may be, is still related to schooling. What’s
interesting is that growth after 2 years has no relationship, so at least we know that
beyond that point there is no longer a relationship between growth and schooling,.

Dr. Ziegler: We discuss prenatal and postnatal growth failure as if they were a con-
tinuum, as if they were the same thing that can happen before or after birth. Postnatal
growth failure is almost always a lack of nutrients, energy and/or protein, whereas
prenatal growth failure is predominantly a lack of oxygen. With different causes, the
consequences could very well be different. So I don’t find it surprising that you and
others find that postnatal growth failure has more severe consequences than prenatal
growth failure.
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Abstract

There has been intense interest in the role of the n-3 long-chain polyunsaturated
fatty acid (LCPUFA) docosahexaenoic acid (DHA, 22:6n-3), in growth and develop-
ment of infants. In 2009, there are at least twelve published randomized controlled
trials (RCT) assessing the effects of LCPUFA supplementation of infant formula for
preterm infants and seventeen RCTs involving formula-fed term infants. In addition,
at least five RCTs have investigated the effect of DHA supplementation during preg-
nancy and/or lactation on infant and early child development. Collectively, the pub-
lished literature has demonstrated no harm of dietary LCPUFA for infants regardless
of whether they are born preterm or at term. However, developmental benefit is more
consistently observed in infants born preterm. This may be explained by the fact that
DHA accretion to neural tissues peaks during the fetal brain growth spurt in the last
trimester of pregnancy. Infants born preterm are denied the full gestation period to
accumulate DHA and are at risk of incomplete DHA accumulation. New research is
focused on the timing and dose of DHA supplementation needed to optimize develop-
mental outcomes.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

The synaptosomal membranes of the central nervous system contain high
concentrations of the n-3 long-chain polyunsaturated fatty acid (LCPUFA)
docosahexaenoic acid (DHA)(22:6 n-3). Animal studies show that diets defi-
cient in n-3 fatty acids are associated with reductions in brain DHA concen-
trations, decreased dopamine and serotonin, reduced neuronal cell size as
well as decreased visual function, impaired visual recognition memory, and
compromised learning behavior [1]. The first publication in human infants,
which was based on the findings from primate studies was in 1990. It reported
that preterm infants fed a formula supplemented with n-3 LCPUFA, mainly
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as DHA, had improved retinal sensitivity compared with preterm infants fed
the standard unsupplemented formula of the day, which were low in n-3 fatty
acids and rich in n-6 fatty acids [2]. Since then, there has been an explosion
of interest in the role of LCPUFA in growth and development of all infants. In
2009, there are at least twelve published randomized controlled trials (RCTs)
assessing the effects of LCPUFA supplementation of infant formula for pre-
term infants and seventeen RCTs involving formula-fed term infants. In addi-
tion, at least five RCTs have investigated the effect of increasing the DHA
concentration of human milk through maternal supplementation on indices of
infant and early child development and several are actively investigating the
effects of DHA supplementation during pregnancy. This degree of research
activity has resulted in a wealth of quality information regarding the effects
of LCPUFA on infant growth and development. Collectively the published lit-
erature has been free of reports of harm from dietary LCPUFA for infants,
although the consistency of benefit has been lacking. Some trials report posi-
tive effects of LCPUFA supplementation at multiple time points, others report
positive effects at some ages but not others, while some report no effects at
all. The scope of this paper is to review whether the effects of LCPUFA are
influenced by the type of LCPUFA used in dietary supplementation, the tim-
ing and the dose of supplementation.

Type of LCPUFA Supplementation

The animal and mechanistic work all point to the functionality of DHA
in neurodevelopment, but it is rare that DHA is the only added LCPUFA.
The initial trials with infants involved testing the effects of fish oil-sup-
plemented infant formulas on aspects of visual development. These trials
used MaxEPA type fish oil where the concentration of eicosapentaenoic
acid (20:5n-3) was higher than DHA. Although these early trials showed
that fish oil supplementation of infant formula improved visual develop-
ment during infancy [3, 4], some observed poorer growth when preterm
infants were fed formulas containing only n-3 LCPUFA that resulted in a
depression of plasma arachidonic acid (AA, 20:4n-6) [5]. It was hypoth-
esized that n-3 LCPUFA supplementation may have been a factor con-
tributing to the growth deficit. However, this hypothesis has not been
substantiated by systematic reviews of RCTs of LCPUFA supplementation
[6, 7]. In term infants, we identified fourteen eligible trials that had data
available for meta-analysis (1,846 infants) and the analysis showed no posi-
tive or negative effect of LCPUFA supplementation on infant weight, length
or head circumference at any assessment age [6]. Importantly, subgroup
analyses showed that supplementation with only n-3 LCPUFA (no AA) had
no effect on infant weight, length or head circumference despite reductions
in the plasma and erythrocyte AA status of infants involved in these trials
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[6]. Similarly, systematic reviews of trials involving preterm infants indicate
no negative effects of LCPUFA supplementation on growth [8, 9]. Further
analyses using raw data from individual infants support these findings and
show no growth deviations in infants supplemented with n-3 LCPUFA alone
or in combination with AA [9].

Nevertheless, based on the composition of breast milk, most infant for-
mula products contain a combination of DHA and AA, and this is indeed
the most commonly studied combination for infants with regard to neu-
rodevelopmental outcome. Our recent systematic review and meta-analysis
examining the effects of LCPUFA-supplemented vs. control formulas on
neurodevelopment of preterm infants identified seven trials with relevant
outcomes, five of which assessed a combination of DHA and AA [10]. In
the meta-analysis of all seven trials, infants fed LCPUFA-supplemented for-
mula and tested with the Bayley Scales of Infant Development Version II
(BSID-II) had a mental development index (MDI) that was 3 points higher
than infants fed control formula (weighted mean difference, WMD), 3.44,
95% CI: 0.57-6.31, n = 879, p = 0.02; fig. 1a) [11-17]. This difference was
also evident in the subgroup of five trials that examined trials that supple-
mented with a combination of n-3 LCPUFA and AA (WMD 3.44, 95% CI:
0.06-6.81, n = 721, p = 0.05; fig. 1b) [11, 12, 14, 15, 17]. Fewer MDI data
were available for infants tested with BSID-I and the control and treatment
groups did not differ (WMD —4.09, 95% CI. -9.85 to 1.67, n = 97, p = 0.16).
Overall, no significant difference in MDI was observed between infants fed
control or LCPUFA-supplemented formula when MDI data from both BSID-I
and BSID-II assessments were combined (WMD 2.13, 95% CI. —0.88 to 5.15,
n =976, p = 0.16; fig. 1a). In our meta-analyses, the incongruence observed
between the MDI scores and version of the BSID added to the heterogeneity
between trials and contributed to the need to apply random effects models.
It was not possible to combine the BSID-I and II data in a meaningful way
because the differences between trials contributed to a greater diversity in
responses than expected. The differences between trials may arise from the
sample population studied, the way the intervention was applied, the types
of outcomes or trial methodology. We have limited confidence in the BSID-I
outcome as these data were generated from two trials with small sample
sizes and methodological limitations [16, 17].

In an equivalent meta-analysis involving term infants, LCPUFA supplemen-
tation of infant formula resulted in no effect, positive or negative, on MDI
scores compared with control regardless of the version of BSID used for neu-
rodevelopmental assessment (WMD —0.26, 95% CI: -2.30 to 1.78, n = 960, p
= 0.80; fig. 2a) [18-23]. In term infants, three small trials were available to
conduct meta-analyses including the subgroup of studies that assessed n-3
LCPUFA alone vs. control, while six studies assessed n-3 LCPUFA+AA vs.
control (fig. 2b, c¢). These analyses indicated no clear effect of the type of
LCPUFA supplementation on MDI scores, suggesting that there is little dif-
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Fig. 1. Meta-analysis of RCTs comparing neurodevelopment of preterm infants fed
LCPUFA-supplemented formula compared with unsupplemented control formula.
Infants were assessed with the BSID MDI between 12 and 18 months’ corrected
age. Subgroup analyses are based on the version of the BSID. a All trials that tested
LCPUFA-supplemented formula vs. control formula. b Only the trials that tested
formula supplemented with both n-3 and n-6 LCPUFA against an unsupplemented
control formula. Adapted from [10].

ferential effect on infant development if DHA is used alone or in combina-
tion with AA. However, power was limited for the analysis including studies
that supplemented with only n-3 LCPUFA, and moderate heterogeneity was
evident in the studies testing n-3 LCPUFA+AA and using Bayley II. Larger
sample populations are needed to strengthen the degree of confidence in the
result.
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Fig. 2. Meta-analysis of RCTs comparing neurodevelopment of term infants fed
LCPUFA-supplemented formula compared with an unsupplemented control formula.
Infants were assessed with the BSID MDI between 12 and 18 months of age. Subgroup
analyses were based on the version of the BSID used for assessments. a@ All trials
that tested LCPUFA-supplemented formula vs. control formula. b Trials that tested
formulas supplemented with n-3 LCPUFA alone.
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Fig. 2. ¢ Trials that tested formulas supplemented with n-3 and n-6 LCPUFA,
compared with an unsupplemented control.

When to Supplement with LCPUFA

DHA accretion to neural tissues peaks during the fetal brain growth spurt
in the last trimester of pregnancy. Infants born preterm are denied the full
gestation period to accumulate DHA and consequently have lower brain con-
centrations of DHA than their full-term counterparts [24]. This may explain
the fact that LCPUFA supplementation trials involving preterm infants more
consistently report visual and developmental benefits, while the observations
from studies involving term infants are less clear with regard to visual develop-
ment and report little or no benefit in more global developmental outcomes.

As many pregnant women in Westernized countries have low dietary
intakes of DHA, there is now increasing international interest in whether
higher DHA intakes during pregnancy also benefit the cognitive outcomes
of infants born at term. A number of cohort studies have investigated the
relationship between maternal seafood intake, which is a rich source of DHA,
during pregnancy and developmental outcomes of children. These studies
involved between 389 and 8,946 women and all reported that fish or seafood
intake in pregnancy was associated with benefits including better motor skills
and social development of children at 18 months of age [25], higher recep-
tive vocabulary at 3 years [26], higher intelligence quotient (IQ) at 4 years
[27] and lower rates of intellectual impairment at 8 years [28]. Although these
associations were corrected for multiple confounding factors, the possibility
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exists that some factor other than DHA in seafood is driving these associa-
tions. Other cohort studies that related blood DHA concentrations during or
at the end of pregnancy with later child development have added strength
to the seafood intake studies. For example, higher DHA status has been
reported to be associated with more organized sleep patterns in early infancy
[29], improved attention and distractibility through to 2 years [30, 31], better
motor development and fewer internalizing behavior problems at 7 years [32,
33] relative to children with a lower perinatal DHA status. Despite the con-
sistency of these associations, it is not possible to infer a causal link between
increased DHA exposure in pregnancy and improved cognitive outcomes in
children from these data alone because it is not possible to exclude the pres-
ence of residual confounding. Therefore, evidence from RCTs is essential to
establish the extent of benefit between gestational DHA supply and cognitive
development in childhood.

Evidence from RCTs: Effect of Prenatal DHA Supplementation on

Childhood Development

To date there have been four RCTs involving DHA supplementation during
pregnancy that have measured cognitive development in childhood [34-37]
(one trial has multiple publications [37-39]). All trials involved supplementa-
tion of women from mid-pregnancy to delivery or later with a DHA-rich fish
oil. Three trials tested doses of DHA ranging from 1.2 to 2.2 g/day, whereas
one supplied ~300 mg DHA/day in muesli bars [34]. Results from these trials
were mixed; no difference in early cognitive development was observed in
Fagan Infantest at 6 or 9 months [34, 37], global development at 10 months
[35], language or behavior at 30 months [36], or IQ at 7 years [38] between the
supplemented and control groups. In contrast, prenatal DHA-supplementation
resulted in improved problem solving at 9 months [34], hand-eye coordination
at 30 months [36] and 1Q at 4 years [39]. All trials had small sample sizes
(between 15 and 125 participants per group) and thus were underpowered
for assessing subtle to moderate improvements in cognitive development.
Furthermore, poor reporting of concealed allocation [34, 35] and high attri-
tion rates between 26 and 74% [35, 36, 39], make random error or bias pos-
sible in all of the RCT findings. At least four well-designed trials are currently
in progress assessing the effect of DHA supplementation (ranging from 400 to
900 mg/day) during pregnancy on developmental outcomes of the offspring,
and should provide robust answers regarding DHA intake and early childhood
development.

Dose of LCPUFA

The new phase of LCPUFA research is focusing on dose. Postmortem tis-
sue analyses of stillbirths suggested that in utero whole body accumulation of

129



Makrides/Smithers/Gibson

DHA was in the order of 60 mg/kg per day [40]. We tested whether increasing
the amount of dietary DHA, from ~20 mg/kg per day to levels that we cal-
culated to provide the fetal accumulation rate (~60 mg/kg per day), would
improve neurodevelopment in infants born <33 weeks gestation [41]. DHA
enrichment of breast milk fed to infants was achieved through maternal sup-
plementation with tuna oil or direct addition to infant formula. In this large
and inclusive trial, we showed that infants fed the DHA-enriched diet had bet-
ter visual development in infancy [42]. We also demonstrated an improvement
in mean MDI at 18 months’ corrected age that did not reach statistical sig-
nificance (p = 0.2), although there were 50% (5.2 vs. 10.5%, p = 0.03) fewer
children with significant cognitive delay in the high-DHA (60 mg/kg per day)
group [41]. Furthermore, DHA-supplemented girls and infants born weigh-
ing <1,250 g had a 5-point improvement in mental development scores com-
pared with control [41]. Even in these responsive groups, there was evidence
of a dose response indicating that further gains could be made. Regression
analysis indicated that every 1% increase in DHA in breast milk fats was asso-
ciated with an increase in MDI score of around 4 points (95% CI. -0.65 to
8.93, p = 0.08) [41]. The efficacy of about 90 mg/kg per day of DHA in infants
born <1,500 g was recently reported, showing improved problem solving and
better recognition memory at 6 months’ corrected age [43], indicating that
higher DHA doses than currently found in infant formulas or the breast milk
of women with Westernized diets may be needed for infants born preterm.

How Does DHA Work and Does This Relate to DHA Dose?

New animal data show that high-dose DHA is neuroprotective. Huang et
al. [44], using an animal model of thoracic spinal cord compression, have
established that axonal injury was reduced and locomotor recovery improved
when animals received DHA compared with the saline-treated control group.
In contrast, animals treated with AA had a significantly worse outcome than
controls, indicating specificity of effect to DHA [45]. Two conditions were
necessary to achieve the best outcomes — a high DHA dose (8-10 times the
treatment dose in our trial with preterm infants [41] and the absence of a
delay between injury and DHA administration. Two mechanisms have been
suggested from these animal studies — increase in neurite growth and down-
regulation of inflammation. There has been an explosion of information con-
cerning this latter point and the anti-inflammatory mediators that are derived
from DHA (docosanoids) that have the capacity to dampen acute inflamma-
tory responses and return homeostasis. A complex series of E and D resolvins
along with neuroprotectin D1 are now known to work in concert to over-
come neural damage from the inflammatory response when DHA was around
2% dietary fats. In this regard, there are a number of case studies in which
high-dose DHA has been infused intravenously to patients with major brain
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or spinal cord injury and resulted in dramatic recovery of function [46]. It is
possible that high-dose DHA is not only an important building block for the
preterm brain but may be neuroprotective in the critical first days and weeks
following preterm delivery. These data have raised new questions about DHA
dose as well as its timing.

We are beginning a new era in LCPUFA research in infancy. We have moved
from a period where conservative amounts of DHA were tested, often in stud-
ies of limited power. We are now trying to evaluate the potential benefits of
DHA supplementation that attempt to mimic the levels of DHA supplied in
utero. However, even these levels are based on estimates from fetuses from
women who consumed low n-3 LCPUFA diets and may have limited validity.
Future intakes of DHA for preterm infants may prove to be different to cur-
rent levels.
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Discussion

Dr. Martorell: As you know, a group of us at Emory University and the National
Institute of Public Health of Mexico are conducting a randomized controlled trial of
DHA versus placebo in 1,000 pregnant women. We just got funded to continue the
follow-up of the newborns from 2 to 5 years of age and our hope is to receive more
funding to extend the follow-up even further. My question is why did you specify 7
years of age as the target age for follow-up? Secondly, what types of outcomes would
you recommend be measured in children of school age?

Dr. Makrides: 1 made the comment about 7 years of age because the IQ that you
can measure at 7 is more predictive of adult IQ than developmental quotient measured
at 18 months or 2 years. I would be more confident about extrapolating an IQ at 7 to
adult IQ than I would be about the developmental quotient at 18 months.

Dr. Martorell: And beyond IQ, what else would you measure?

Dr. Makrides: The other assessments we are undertaking at 7 years include exec-
utive function, various memory assessments as well as a number of behavioral and
attention assessments.

Dr. Grovamnini: Do you think that arachidonic acid and DHA have separate roles?
The second question is, we have many studies about the absolute amount of DHA, but
what is your opinion about suggesting DHA in the first 12 months of life including the
complementary feeding period. And would there be a difference in the dose for males
and females?

Dr. Makrides: The first question relates to arachidonic acid. There are no human
studies that have been specifically designed to evaluate the specific individual effect
of arachidonic acid. Arachidonic acid has always been added to infant formulas either

133



Makrides/Smithers/Gibson

for balance or to avoid the reduction in blood AA that is associated with DHA supple-
mentation. I have suggested to a number of companies that we should try and evaluate
the specific role of arachidonic acid but that hasn’t been taken up. In the absence of
any data, I don’t know the specific role of arachidonic acid. The brain accretion data
suggest that arachidonic acid accretes very nicely without specific supplementation.
There is also no clear effect on growth. Whether arachidonic acid has other effects
beyond growth and development I don’t know.

In terms of whether LCPUFA supplements are required for term infants during
the period of complementary feeding, the available data are not very convincing, so I
personally don’t see any reason for supplementation for infants that are healthy and
born at term.

Dr. Grovamnini: What can you tell us about the safety problem of fish oil and
single cell oil in infant formulas?

Dr. Makrides: 1 think all the fish oils used in infant formulas are very carefully
processed. In fact the fractionation and processing process basically ensures that
there are no pesticides or heavy metals, so the notion that fish oils added to infant
formula also have environmental contaminants is actually not true. Further, both
single cell oils and fish oils are in the triglyceride form. Chemically they are the
same. The fish actually get the DHA from eating algae so it’s just further along the
food chain.

Dr. Hiippi: If we look at the distribution of DHA in the developing brain, it seems
to be highly concentrated in the somatosensory and motor cortices. Given that these
are also active regions of myelination and that myelination has an effect on motor
development, did your studies look at the impact on fine motor development in these
preterm children, because they are often described as having what we call the minimal
CP or clumsiness.

Dr. Makrides: The rate of CP in our DINO trial was around 5%, and it was the
same in both groups [1]. We of course measured psychomotor development, and the
groups did not differ. I am not sure how well the PDI measures fine motor skills
at 18 months of age. We are certainly including some more detailed assessments at
7 years.

Dr. Cooke: With protein-energy deficiency, A-5 and A-6 desaturase activity
decreases and the conversion of linolenic to eicosapentaenoic and docosahexanoic
decreases [2]. Perhaps greater protein requirements in boys put them at a greater risk
for protein-energy deficiency, therefore reduced EPA and DHA synthesis. Can you
comment?

Dr. Makrides: We certainly have quite detailed intake data, and we have not
yet looked at that according to sex differences. We also have blood spots that we
are analyzing for the carnitines. I agree with you that it will important to tease out
the requirements for boys and girls for fatty acids, protein and energy and how they
interrelate.

Dr. Lucas: There are two sorts of people in science, lumpers and splitters, people
who like to lump everything together and do meta-analysis and people who like to
look at the detail, and it makes a huge difference to the LCPUFA field, which one you
are, because if you put everything together you find nothing. We have done four large
robust randomized trials of LCPUFA using completely different sources, and depend-
ing on the trial we have been able to make neurodevelopment better or have no effect
or make it significantly worse (6-point reduction in IQ in one of our studies), and we
have been able to make growth significantly better, significantly worse or have no
effect. I am not necessarily suggesting that that’s related to the LCPUFA, it could be
related to undesirable aspects of the source for instance, but do you think that there is
a danger in meta-analysis that you could lose information?
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Dr. Makrides: 1 certainly think that we need to consider both approaches, and
that’s actually the reason why I have considered the specific subgroups and whether
they contribute to the heterogeneity. This approach is recommended to test the sensi-
tivity of the meta-analysis, although meta-analysis of this sort does have some limita-
tions when you are looking at outcomes like growth, where it’s a dynamic process and
measures are repeated over time, rather than an outcome that is categorical. That’s
why we went to the complex modeling. I take your point about the developmental
effects, but it is actually quite difficult to discuss the potential negative effect you
refer to. The data have not been published, and I have no appreciation of whether
there are other issues in the study design that could have influenced those outcomes.
For example, attrition rates could influence the integrity of the randomization. The
whole field is bedeviled by the fact that formula-fed infants are particularly difficult to
follow up long-term, and many of the studies have high attrition rates and the children
you follow up are different from the ones that do not attend. Therefore, the quality
of the individual studies also becomes important, and the quality of the meta-analysis
is only as good as the individual studies. Having said this, the systematic review with
an appropriate sensitivity analysis based on trial quality still gives us the best way of
understanding the totality of evidence.

Dr. Lapillonne: 1have a question which relates to preterm infants. Don’t you think
we are still missing a very critical period for DHA supplementation which is the period
during which the preterm infants receive parenteral nutrition? Should we take this
early DHA deficit into account in order to make some estimates for the DHA needs
during enteral nutrition?

Dr. Makrides: 1 couldn’t agree more. If we take the hypothesis that the babies
born at the earliest gestation have the highest requirements, they are also the babies
that take the longest to get to full enteral feeds and therefore receive the lowest DHA
dose. They are the ones that will have the greatest deficit, so I agree with you that
that’s a gap in research. I think the other gap in research that hasn’t been addressed
is the requirement of the SGA baby. Most studies have focused on term babies with
birthweights greater than 2.5 kg or preterm babies born before 34 weeks.

Dr. Manzoor Hussain: You said that you included all preterm babies with dis-
eases, so did you find any differences between those with insults and those without?

Dr. Makrides: 1 don’t have the data with me for all clinical outcomes, but there
were no differences between the groups in the rate of sepsis, necrotizing enterocolitis,
or intraventricular hemorrhage [1]. The higher DHA group did have fewer babies who
required oxygen treatment at 36 weeks, so there was less chronic lung disease in the
high DHA group as opposed to the control group [1].

Dr. Islam: What is your comment on the companies that are now aggressively
marketing EPA and DHA as very important formula constituents? Do you think it’s
justified?

Dr. Makrides: 1think that the data relating to term infants are not strong in sup-
porting a great benefit. There are authors in the field that interpret the data in two
ways. Some authors say that some studies do show visual acuity benefits and we
should give LCPUFA to all babies because there might be a subgroup of babies that
might respond. There are others that are more cautious. They worry about the long-
term benefits that are not clearly shown and the need for an assessment of long-term
risk.

Dr. Adair: We have focused on growth and development, but can you comment on
the effects on the immune system?

Dr. Makrides: The data from high-quality randomized controlled trials are lim-
ited. There are a couple of small studies that suggest that LOCPUFA supplementation
may change some of the cellular populations and the balance of cytokines. What
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that actually means in terms of being able to fight off an infection or being able to
modulate one’s propensity to allergy is not clear. The big interest is in terms of alter-
ing the immune system in such a way that it’s less prone to allergies, and that’s one
of the reasons why in our pregnancy study we have allergy as one of the primary
outcomes.
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Abstract

Understanding human brain development from the fetal life to adulthood is of great
clinical importance as many neurological and neurobehavioral disorders have their
origin in early structural and functional cerebral maturation. The developing brain is
particularly prone to being affected by endogenous and exogenous events through the
fetal and early postnatal life. The concept of ‘developmental plasticity or disruption
of the developmental program’ summarizes these events. Increases in white matter,
which speed up communication between brain cells, growing complexity of neuronal
networks suggested by gray and white matter changes, and environmentally sensitive
plasticity are all essential aspects in a child’s ability to mentalize and maintain the adap-
tive flexibility necessary for achieving high sociocognitive functioning. Advancement
in neuroimaging has opened up new ways for examining the developing human brain
in vivo, the study of the effects of early antenatal, perinatal and neonatal events on
later structural and functional brain development resulting in developmental disabili-
ties or developmental resilience. In this review, methods of quantitative assessment of
human brain development, such as 3D-MRI with image segmentation, diffusion tensor
imaging to assess connectivity and functional MRI to visualize brain function will be
presented.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Understanding human brain development from the fetal life to adulthood is
of great clinical importance as many neurological and neurobehavioral disor-
ders have their origin in early structural and functional cerebral maturation.

The developing brain is particularly prone to being affected by endogenous
and exogenous events through the fetal and early postnatal life. The con-
cept of ‘developmental plasticity or disruption of the developmental program’
summarizes these events [1, 2]. Plasticity of the brain therefore refers to the
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brain’s ability to reorganize and recover from injury or alter its gestalt by
adaptive mechanisms induced by environmental factors. Mechanisms known
to provide plasticity include deletion of neurons through apoptosis, prolifera-
tion and pruning of synapses, activity-dependent modelling of synaptic con-
nections and for certain areas persistence of neurogenesis and alteration of
developing glia cells.

Increases in white matter (WM), growing complexity of neuronal networks
suggested by gray matter and WM changes, and environmentally sensitive
plasticity are all essential aspects in a child’s ability to think and maintain the
adaptive flexibility necessary for achieving high sociocognitive functioning.

Despite marked improvements in perinatal practice, perinatal brain injury
remains one of the most common complications causing life-long handicap-
ping conditions [3]. Many of the cellular and vascular mechanisms of perinatal
brain damage have been studied and show a correlation between the nature
of the injury and the maturation of the brain.

During the past 15 years, the etiology of brain injury in human newborns
has been considered by many to be multifactorial rather than only linked to
cardiovascular instability and hypoxia-ischemia. Several prenatal, perinatal
and postnatal factors (such as hypoxic-ischemic insults, excess release of
glutamate, genetic factors of susceptibility, growth factor deficiency, oxida-
tive stress, maternal infection yielding excess cytokines and other proinflam-
matory agents, exposure to toxins, maternal stress, malnutrition) have been
implicated in the pathophysiology of brain lesions and developmental abnor-
malities associated with cerebral palsy and neurocognitive delay.

Advancement in neuroimaging has opened up new ways for examining
the developing human brain in vivo and study of the effects of early ante-
natal, perinatal and neonatal events on later structural and functional brain
development resulting in developmental disabilities and developmental
resilience.

Brain Development and Growth Visualized by Magnetic
Resonance Imaging

Distinct features of the developing brain can be visualized by both conven-
tional magnetic resonance imaging (MRI) and diffusion imaging. The imma-
ture WM demonstrates a relatively homogenous low signal on Ty-weighted
images and a high signal on Ty-weighted images compared to gray matter
predominantly due to the higher water content of the immature WM. Discrete
bands of altered signal intensity (high signal on T;-weighted images, low
signal on Ty-weighted images) have been described in the frontal WM and
are thought to represent bands of migrating glial cells [4]. With increasing
age, WM T signal intensity increases and Ty, signal intensity decreases as an
expression of the reduction in water content.
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27 weeks 32 weeks 35 weeks

Fig. 1. Cortical folding. Illustration of changes in cortical folding in premature infants
at 27, 32 and 36 weeks’ gestational age, compared to the cortical folding in the adult
human brain.

The rapid process of cortical folding between 24 and 40 weeks can be read-
ily followed on MRI. Before 24 weeks of gestation, the brain is essentially
lissencephalic with the exception of the Sylvian fissure, which is initially very
wide and appears vertically orientated. From 24 to 28 weeks, the cortex shows
the developing central Rolandic, pericallosal and intraparietal sulci; by 32-33
weeks, an increased number of gyri and shallow sulci appear; from 34 weeks,
further thickening of the cerebral cortex is accompanied by the development
of a nearly normal adult sulcal pattern by term [5](fig. 1).

Conventional MRI features of chronic WM injury in the immature brain
are characterized either by cysts and more importantly by a persistent high
signal intensity of the WM in Ty-weighted images representing diffuse WM
injury [6]. This imaging characteristic is later associated with the thinning
of the corpus callosum and loss of WM volume as a result. In several recent
studies on preterm infants, brain diffuse excessive high signal intensity in
the cerebral WM on Ty-weighted imaging was reported to be present in up to
40-75% of low birthweight preterm infants imaged at term [7]. MRI is further
ideally equipped to assess delayed myelination. The absence of myelination
in the posterior limb of the internal capsule (missing T; high signal intensity,
Ty low signal intensity) at term age is a good indicator of later neuromotor
impairment [8].

Cortical differentiation can be qualitatively appreciated by conventional
MRI and preterm infants with diffuse WM abnormalities often show poor
cortical gyrification at term with simple appearing gyri and sulci compared
to complex tertiary sulci seen in the full term infant. Quantification of these
changes can be assessed by 3D-MRI.

To quantify changes in brain development and assess long-term conse-
quences of perinatal brain injury, 3D-MRI methods combined with image
postprocessing techniques have been developed, which permit the volumet-
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Fig. 2. 3-D MRI in brain development. Examples of MRI segmentation classifying the
brain into different tissue classes such as cortex, unmyelinated and myelinated white
matter, basal ganglia but also specific brain structures such as the hippocampi and the
cerebellum, which then allows absolute quantification of these brain structures.

ric assessment of brain development and an absolute quantitation of myeli-
nation, an important step in brain development that allows normal motor
development [9]. These techniques further allow exact definition of brain
volume and can therefore accurately monitor brain growth, measure cere-
brospinal fluid volume and volume changes in cortical gray matter. 3D-MRI
morphometric techniques (fig. 2) were used to evaluate the effect on sub-
sequent brain development of early WM injury in premature infants. In the
premature infants with preceding WM injury, the volume of myelinated WM at
term was significantly lower than in both the premature infants without prior
WM injury and the infants born at term measuring and confirming the degree
of delay of myelination. These studies further showed a marked decrease in
cortical gray matter volume in the preterm infants with prior periventricular
WM injury indicating impaired cerebral cortical development after early WM
injury and may explain the intellectual deficits associated with periventricular
leukomalacia in preterm infants [10, 11]. Effects of perinatal drug treatment
can also be assessed by these Imaging techniques. Postnatal dexamethasone
treatment for chronic lung disease has been shown to affect brain develop-
ment with a striking reduction in cortical gray matter in preterm infants with-
out other cerebral pathologies compared to preterm infants not receiving
steroids [12]. These studies combined with functional outcome studies, have
had a major impact on changes in the use of corticosteroids in the treatment
of newborn ICU patients [13, 14]. Some of these volumetric structural abnor-
malities have been found to persist into later childhood and are associated
with cognitive performance [15].

Conventional MRI has been able to delineate macroscopically early devel-
opmental events such as gyral development and myelination, but does not
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provide information on distinct microstructural changes during brain devel-
opment, such as cortical lamination and establishment of WM connectivity.
Diffusion tensor imaging (DTI) is a well-studied MR modality that allows in
vivo assessment of biological tissues at a microstructural level.

Microstructural Brain Development by DTI

DTI, a recent MR modality which assesses water diffusion in biological tis-
sues at a microstructural level, has revealed a powerful technique to explore
the structural basis of normal brain development. In fact, the tissue organiza-
tion can be probed noninvasively, and the age-related changes of diffusion
parameters (mean diffusivity, anisotropy) reveal crucial maturational pro-
cesses, such as WM myelination. The two primary pieces of information avail-
able from DTI studies — mean diffusivity (D,,) or water apparent diffusion
coefficient (ADC) and diffusion anisotropy measures — change dramatically
during development, reflecting underlying changes in tissue water content
and cytoarchitecture, ADC being a quantitative measure (velocity) of overall
water diffusion in tissue and anisotropy being a measure of directionality of
preferred water diffusion in a given tissue.

Mean D,, values differ between pediatric and adult human brain. D, val-
ues are higher for pediatric brain than adult [16, 17].

The precise cause of the decrease in D,, with increasing age is not known,
though it has been shown to be influenced by both a decreasing water content,
and increasing complexity of WM structures with increasing myelination [17].

The increase in WM anisotropy values during development appears to take
place in two steps. The first increase takes place before the histologic appear-
ance of myelin [16, 17]. This increase has been attributed to changes in WM
structure which accompany the ‘premyelinating state’. Interestingly, the com-
missural fibers in the splenium and the genu of corpus callosum express the
highest fractional anisotropy (FA) values in the immature human brain [18].
These fibers are largely unmyelinated in the newborn period and their high
anisotropy is in part due to a high degree of parallel organization. The sec-
ond, more sustained, increase in anisotropy is associated with the histologic
appearance of myelin and its maturation. The earliest signs of this second
stage change in anisotropy are observed in the projection fibers of the poste-
rior limb of the internal capsule in the newborn period.

Central WM maturation is rapid in the first 3 months, with D,, decreasing
in the peripheral WM more rapidly than in the deep WM, whereas anisotropy
increase is more pronounced in the deep WM compared to the peripheral WM
[19]. By the end of the 1st year, D,, values in all WM regions are approaching
mean adult levels, which indicates that the microstructural changes in WM
that are responsible for the restriction of overall water diffusion are mature
after the 1st year of life. In contrast to this, the FA values in the peripheral
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WM achieve only half of adult values, which indicates that WM organizational
changes in microstructure that promote anisotropic diffusion continue after
the 1st year of life [19, 20].

Another brain area in which anisotropy values differ between immature
and mature brain is the cerebral cortex. Anisotropy values of cortical grey
matter in children beyond term and adult brain are generally consistent with
zero, meaning that water diffusion in grey matter is isotropic at the spatial
resolutions currently available. As shown now in several human and animal
studies, values for cortical grey matter in immature brain are transiently non-
zero during development [21-24]. The tensor principal eigenvectors are then
oriented radially to the cortical surface. The increase in anisotropy in this
time period coincides with active neuronal migration along the radial glial
scaffolding, whereas the decrease coincides with the phase of neocortical
maturation with transformation of the radial glia into the more complex astro-
cytic neuropil.

Laminar organization of the immature cortex is further characterized by
the presence of the subplate zone, a zone immediately underlying the cortical
plate, which has a high content of extracellular matrix and sparse, large-size
neurons. In DTI, this transitory zone present only between 18 and 32 weeks
of gestational age is characterized by low FA values and intermediate D, val-
ues [22, 25].

Thus, developmental changes in anisotropy of the cerebral cortex reflect
changes in its microstructure, such as the arborization of basal dendrites
of cortical neurons, the innervation of the cortical plate by thalamocortical
and corticocortical fibers and the transformation of radial glia into mature
astrocytes, all processes which are an important basis of later functional
connectivity.

ADC and anisotropy during brain development are therefore influenced by
the degree of myelination, the volume of the extracellular compartment, the
amount of extracellular water, changes in the composition of the extracellu-
lar matrix (e.g. subplate), density and geometrical organization of axons and
dendrites, density of neurofilaments and other changes in the cytoskeleton.

Developing WM Connectivity

Fiber tracking based on DTI is another recent technique applied to the
developing brain to study quantitative assessment of specific pathway matu-
ration in WM. Berman et al. [26] were able to show significant differences in
the maturational changes in FA and transverse diffusion between the motor
and the somatosensory pathway in premature infants between 30 and 40
weeks’ gestational age.

In order to understand the underlying structural changes for the rapid
development of motor and cognitive functions in the early months of postna-
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Fig. 3. Corticospinal tracts. Using DTI and fiber tracking, illustration of corticospinal
tracts important for sensorimotor development can be achieved. Illustration of
Ty-weighted MRI with superposed corticospinal fiber tracts in a newborn brain.

tal life, Dubois et al. [27] defined relative maturation phases of different WM
fiber tracts. The corticospinal tracts appeared as the most mature bundle in
the first 4 months of life and the anterior limb of the internal capsule and the
cingulum as a limbic structure as the least mature bundles. Furthermore, this
study allowed the differentiation of maturational stages within a functional
system, for example with the fornix in the limbic system being in an advanced
maturational phase compared to the cingulum, fornix being involved in asso-
ciative learning, which is important in early functional development.

With tract-based spatial statistics analysis, a rater-independent method,
important changes were shown in regions within the centrum semiovale,
frontal WM and the genu of the corpus callosum that had a significantly lower
FA in preterm infants imaged at term-equivalent age compared to term-born
controls [28], thus assessing alterations of brain development in ex-preterm
infants (fig. 3). Further changes in FA during brain development were mainly
due to changes in axial diffusivity and were more pronounced between early
adolescence and adulthood than between late childhood and adolescence
[29]. Factors that might influence the changes in axial diffusivity at this age
are increased neurotubules, neurofilaments and glial cells and increased fiber
coherence. Using this technique, widespread age-related increases in FA were
found through adolescence into young adulthood (13-21years of age) with
the most significant increase in the right body of the corpus callosum and the
right superior region of the corona radiate and, in particular, in the frontal
lobe association fibers [29, 30]. These data confirm earlier neuroanatomical
description of slow maturation of the corpus callosum into adolescence and
is in concordance with recent data showing a U-shaped development curve
of the corpus callosum with peak values between 30 and 40 years and the
prominent changes in volumetric and cortical density studies occurring in the
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frontal WM during adolescence [31]. These long-term changes fit with the
assumption that learning and experience, which continue throughout adult
life, are accompanied by structural changes. Experience-related changes in
diffusion characteristics have been shown in practicing piano players [32] and
confirm the experience-based structural plasticity in the brain.

The impact of prenatal and early neonatal insults on brain development
and structure is of particular clinical importance, as infants exposed to such
adverse conditions are likely to show neurodevelopmental delays and disabili-
ties later in life. The unique setup of in vivo imaging techniques allows the
study of longitudinal changes in brain development subsequent to early envi-
ronmental insults and evaluation of mechanisms of repair and plasticity.

Imaging and Neurodevelopmental Disorders

The subsequent neurological deficits after perinatal brain injury are
grouped together under the term of cerebral palsy, and structural correlate
of cerebral palsy has been assessed using DTI [33]. Tract-specific evaluation
of children with cerebral palsy after periventricular leukomalacia identified
most frequently alteration in WM fiber tract development in the retrolenticu-
lar part of the internal capsule, posterior thalamic radiation, superior corona
radiate and in commissural fibers of the corpus callosum [34, 35].

The clinical relevance of injury and related modification of WM architec-
ture detected in this fashion is not yet known, and long-term follow-up stud-
ies of prematurely born children are currently underway linking functional
outcome to structural WM development assessed by DTI [28, 36-38].

Neurodevelopmental disorders in the pediatric population are frequent
indications for MRI, and DTI contributes to understanding underlying brain
structural abnormalities in many of these disorders. Attention deficit hyperac-
tivity disorder is a childhood-onset neurodevelopmental disorder that affects
up to 10% of children. It is characterized by behavioral symptoms with inat-
tention, hyperactivity and impulsivity, and conventional MRI and volumetric
assessments have identified abnormalities in the frontal lobe, in particular
in the dorsolateral prefrontal cortex, but also in the areas of the cingulate
cortex, with alterations suspected also in the corticostriatal connections. An
earlier DTI study showed decreased anisotropy in the right premotor, right
striatal, right cerebral peduncle, left middle cerebellar peduncle, left cerebel-
lum, and left parieto-occipital WM regions of young ADHD patients [39]. More
recent studies addressed the question of abnormalities in the specific neural
networks leading to difficulties in attention control and executive functioning
in adults with childhood ADHD [40, 41]. DTI has confirmed structural abnor-
malities linked to attentional and executive systems in adults, though to what
extent these alterations are already present during early development needs
to be further defined.
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A condition associated with an increased risk of ADHD in which brain devel-
opment can be affected long-term is intrauterine growth restriction [42] and
postnatal growth restriction in preterm infants due to inadequate nutrition.
Currently, the IUGR rate is the highest since over 20 years and is likely to rise
further due to the increasing rate of infertility treatments, multiple pregnan-
cies, older mothers and exposure to IUGR-inducing agents such as tobacco.
All these conditions lead to poor nutritional status of the fetus and subsequent
alteration of structural and functional brain development with reduction in
cortical gray matter volume, reduction in striatal volume, and predominantly
in boys, reduction in hippocampal volume [43, 44]. Gyrification of IUGR new-
borns is discordant with the normal developmental trajectory, showing a more
pronounced reduction in surface in relation to the sulcation index compared
to normal newborns [45]. Furthermore, these structural measurements of the
brain at birth were predictors of infants’ outcome at term-equivalent age, for
MRI-based cerebral volumes and neurobehavioral development evaluated
with the Assessment of Preterm Infants’ Behavior (fig. 4).

Children who had very low birthweight have multiple rather than isolated
cognitive deficits including problems with attention, memory, reading and
mathematics, as well as reasoning, and self-regulation [46, 47]. These cogni-
tive deficits are likely to have an overriding central nervous impairment with
underlying brain structural changes [48]. Recently, epidemiological studies
assessing maternal nutrition have led to interesting observations by which
maternal consumption of seafood during pregnancy leads to higher cognitive
performance in their offspring, with again the most prominent effect on ver-
bal 1Q. [49]. Fatty acid metabolism is therefore an important component of
both prenatal and postnatal brain development, and studies are underway
investigating structural and functional changes in relation to nutritional inter-
ventions. Preterm and low birthweight infants are often growth-restricted at
hospital discharge. Feeding infants after hospital discharge with calorie- and
protein-enriched formula milk might therefore facilitate ‘catch-up’ growth.
A recent study by Isaacs et al. [60] is one of the few studies that looked at
specific brain structural effects of nutritional supplementation in two groups
of ex-preterm infants born at a gestational age below 30 weeks at adoles-
cent age who were treated with different perinatal nutritional protocols. They
used an atlas-based segmentation technique to define total brain and cortical
gray matter volume as well as volumes of the subcortical gray matter struc-
tures, caudate nucleus, thalamus, putamen, globus pallidum, hippocampus
and amygdala and IQ testing with Wechsler Intelligence Scale for Children
defining both VIQ and PIQ. The high nutrient group ex-preterm adolescents
showed significantly better performance on VIQ measures. Structurally,
the two groups showed significant differences in both left- and right-sided
caudate volume, with the standard nutrition group showing lower caudate
volumes, which further correlated with IQ scores with lower volume indicat-
ing lower VIQ. This was a gender-specific effect with mainly male preterm
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Fig. 4. Effects of growth restriction on brain development. Growth restriction affects
cortical development with a decrease in volume of cortex (C; @), white matter (W; b),
brain surface (S; ¢) and cortical thickness (C/S; d). Data from Dubois et al. [45].

infants being affected by these differences in perinatal nutrition. Subcortical
gray matter structures have been shown to be affected by premature birth
with correlations to later cognitive outcome [10, 51, 52] as well as in neu-
ropsychiatric disorders such as ADHD [563] and depression. In a prior study,
deep nuclear gray matter volume reduction at term age has been shown to
be correlated with gestational age at birth and severity of respiratory distress
syndrome; thus, clearly immaturity at birth and comorbidities such as severe
respiratory distress which are associated with oxidative stress lead to reduc-
tion in deep cortical gray matter volume at term. Immaturity and severity of
RDS on the other hand are often associated with poor nutritional status in the
preterm infant, and therefore the findings of the current study by Isaacs et
al. [60] would suggest that some of these effects might be due to insufficient
nutritional support and that some of these effects can be reversed by higher
nutritional support.
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Understanding the effects of early antenatal, perinatal and neonatal events
on later structural and functional brain development, aberrant or regen-
erative, will no doubt be essential to develop interventions and treatments
for preventing developmental disabilities that have their origin in early life.
Several lines of evidence currently show that the developing organism adapts
to the environment in which it finds itself. The use of MRI techniques in IUGR
babies has delineated changes in the central nervous system development
that correlate with altered neurodevelopment and could be implicated in the
development of neuropsychiatric disorders in adult life.

Research aimed at defining which nutrients favor adequate development
of brain structure and functions during gestation and early childhood, with
the ultimate purpose of improving cognitive development and decreasing
neuropsychiatric disorders, will be an important task in terms of public health
of the future.
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Discussion

Dr. Qumruzzaman: What are the common causes of the interruption of neuronal
proliferation in the first trimester of pregnancy and how do you assess this?

Dr. Hiippi: You can’t of course directly assess the number of neurons. We do that
in the animal model where you can count neurons, but we think that the alteration of
the cortical thickness, for example, clearly represents a reduction in probably the cor-
tical neuronal load in these regions. In the hippocampus, for example, C1/A1 neurons
in the situation of IUGR are clearly reduced in numbers.

Dr. Manzoor Hussain: You said that there is a negative effect of exposure to
dexamethasone, although it has been advocated to stimulate surfactant produc-
tion antenatally. Perhaps there should be a change in the timing of dexamethasone
administration?

Dr. Hiippi: 1 didn’t have time to show you all the data. What is known in regard
to the effects of glucocorticosteroids in fetal and neonatal life is that indeed you can
induce surfactant production, lung maturity, by dosing glucocorticoids in the third
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trimester. This has been done by many centers and proved to be efficient. However,
postnatal preterm lung disease treatment with long-term direct dexamethasone does
negatively affect the brain. We have demonstrated it with the imaging that showed a
reduction in cortical gray matter volume. There are also much more data showing that
preterm infants exposed to glucocorticoids postnatally have reduced neurodevelop-
mental outcome. As for antenatal lung maturation, there are a couple of studies also
showing that if you give multiple doses to the mother starting early, say 23, 24 weeks,
it does affect surface measurements of the brain at birth, and it does negatively impact
neurodevelopmental outcome. So now the recommendations are to not use postnatal
steroids in the treatment of chronic lung disease except for studying purposes under
direct control of protocols and to not repeat antenatal lung maturation above the one
dose of lung maturation. Those are the current guidelines by the American Academy.
And there are of course differences in certain steroids. You can go into discussions of
dexamethasone vs. hydrocortisone and there seem to be slightly different effects.

Dr. Islam: As you said, dexamethasone and probably some other drugs can cause
neural depletion. As pediatricians, we use steroids with the conception that their
short-time use will not affect the brain. We use steroids quite often for the treatment
of acute lung injury, in wheezy babies, for example. Can this short-term treatment
have any adverse effect?

Dr. Hiippi: It’'s obvious that corticosteroids are used in pediatric treatments. I
think it’s a timing issue, we are here talking about the brain that is in a developmental
stage where apoptosis, for example, is a prominent modulator, which is much less
the case when you consider a b- or a 6-year-old. On the other hand, it’s known that if
you give high-dose steroids, for example in the situation of oncology patients, you do
arrest brain growth. There is clearly no growth of head circumference during the ste-
roid treatment. What is seen in those cases is that once you stop administering steroid,
the growth restarts. What we see in the preterm population is that the brain seems
to be altered following corticosteroid treatment. We, for example, measured cortical
volume 10 weeks after stopping the corticosteroid dexamethasone treatment, and we
still observed a 30% reduction in cortical gray matter volume. So I think the effect of
dexamethasone is probably most harmful in the third trimester of pregnancy and for
the premature infant in the early postnatal life.

Dr. Mobarak: Nowadays, studies say that prednisolone is neuroprotective. What
is your comment on this because we are using prednisolone instead of LCTH in cases
of infantile spasm. In some neurological disorders of the babies, we also prefer to use
methylprednisolone and prednisolone. My second question concerns dexamethasone.
It’s a common practice in Bangladesh to use dexamethasone to stimulate surfactant
production, that is to prevent RDS antenatally, but in India a single dose of betametha-
sone is used. Is there any difference between betamethasone and dexamethasone? Is
betamethasone as bad as dexamethasone?

Dr. Hrtippi: Betamethasone, dexamethasone, hydrocortisone, prednisolone, all
these glucocorticoids have a different degree of affinity to either mineral corticoid or
glucocorticoid receptors, and that does make a difference in the brain. What is espe-
cially bad for the brain is a high affinity to glucocorticoid receptors because those are
the ones that induce, for example, the apoptotic cascade with Bax upregulation. So
if you take, for example, hydrocortisone, which has a much higher mineral corticoid
receptor affinity, this negative effect on the brain is to much lesser extent. Again, I
think the answer to your first question is corticosteroids seem to be particularly harm-
ful during third trimester gestation. With respect to this time period, current recom-
mendations are to give one course of lung maturation, not repetitive courses of lung
maturation, and if you then do that with dexamethasone or betamethasone, I think
there is no clear evidence to prefer the one or the other.
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Dr. Lucas: 1wonder if I could ask you to speculate probably a bit beyond the data,
but do we know anything about the thresholds for cortisol effects on the brain? You
have been talking about the pharmacological range, but what about the physiological
range? There are a number of stress states that preterm infants and indeed fetuses
can go through that could produce quite large rises in endogenous corticosteroids. Do
you image those having any impact on brain development?

Dr. Hiippi: It's hard to speculate. Anand in his pain studies clearly demonstrates
that high stress levels are detrimental to the brain. We don’t have much clear evidence
for it. From our studies, I think what we see is clearly an effect of chronic exposure
to a relatively high dose of steroids. I must also say that I did perform a study looking
at the effects of hydrocortisone at 5 mg per kg as a treatment of chronic lung disease,
and these babies do not express any changes in cortical gray matter volume either at
term or at 8 years of age, so there seem to be differences. The interpretation for these
data right now is the difference in affinity between the mineralocorticoid and gluco-
corticoid receptors. As for physiologic levels, we have unfortunately not performed
any saliva measurements of cortisol in these babies. I wish we had designed the study
differently when we did the IUGR study to see if the regulation of basal cortisol levels
is different postnatally. We can only assume that the situation of placental insuffi-
ciency that was documented by abnormal Doppler in these studies actually confirmed
the situation of higher fetal exposure that has been shown in situations of placental
insufficiency.

Dr. Cooke: Dr. Hiippi, would you like to speculate about nutrition and the brain,
given that brain mass in preterm and term infants is ~12-13% compared to 3-5% in
the adult, and recent data which suggest that increasing energy and protein intake to
120% of the normal requirement improves neurodevelopmental outcome in infants
with perinatal brain injury [1]?

Dr. Hiippi: 1will speculate on my MR data because these are the ones that [ know
best. If you look at the changes in the metabolites that we measure in the brain in the
human preterm, then the things that may change the most are, for example, creatine
and phosphocreatine. There is a massive increase in creatine and phosphocreatine
between say 28 and 40 weeks, and that is a clear proof that energy provides building
blocks and energy to the brain. So in my view, that would be a measure of how well
we provide energy to the brain, the accretion of creatine and phosphocreatine in the
brain measured in vivo. Another one could probably be choline, but choline is a lipid
precursor that is very important for all the lipid membranes in the brain. Interestingly,
choline stays very stable during brain development, which suggests that direct growth
probably doesn’t directly vary choline levels in the brain.
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Abstract

Due to high iron requirements, young children are at risk for iron deficiency ane-
mia. Iron supplements are therefore often recommended, especially since iron defi-
ciency anemia in children is associated with poor neurodevelopment. However, in
contrast to most other nutrients, excess iron cannot be excreted by the human body
and it has recently been suggested that excessive iron supplementation of young chil-
dren may have adverse effects on growth, risk of infections, and even on cognitive
development.

Recent studies support that iron supplements are beneficial in iron-deficient chil-
dren but there is a risk of adverse effects in those who are iron replete. In populations
with a low prevalence of iron deficiency, general supplementation should therefore be
avoided. Iron-fortified foods can still be generally recommended since they seem to be
safer than medicinal iron supplements, but the level of iron fortification should be lim-
ited. General iron supplementation is recommended in areas with a high prevalence of
iron deficiency, with the exception of malarious areas where a cautious supplementa-
tion approach needs to be adopted, based either on screening or a combination of iron
supplements and infection control measures.

More studies are urgently needed to better determine the risks and benefits of iron
supplementation and iron-fortified foods given to iron-deficient and iron-sufficient
children.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction
Iron deficiency anemia (IDA) is the most common micronutrient defi-

ciency worldwide with an estimated 600 million affected individuals [1]. Young
children are a special risk group due to rapid growth leading to high iron
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Fig. 1. The balance between adverse effects of iron deficiency and adverse effects of
iron overload.

requirements. Iron is essential for the development of the central nervous
system and there is an established association between IDA in young children
and poor neurodevelopment. It is therefore important to prevent iron defi-
ciency in young children, and iron supplements are often recommended to
this risk group. The period of highest iron requirement occurs at 6-12 months
of age when dietary requirements are estimated to be about 1 mg/kg per day
[2]. Even in affluent societies, this intake is difficult to achieve without iron-
fortified foods or separate iron supplements.

However, in contrast to most other nutrients, excess iron cannot be
excreted by the human body, and it has recently been suggested that exces-
sive iron supplementation of infants may have adverse effects on growth [3],
risk of infections [4], and even on cognitive development [5]. Thus, recom-
mendations regarding iron intake must not only prevent iron deficiency but
must also avoid unnecessary iron supplementation of iron-sufficient infants.

Anemia

Many studies in children have shown that iron supplements as well as iron-
fortified foods effectively increase the blood hemoglobin concentration (Hb)
[2]. Indeed, the Hb response to iron treatment has long been known as a gold
standard to diagnose IDA [6]. Theoretically, iron supplements should increase
Hb only in those children who are initially iron deficient. It is more difficult to
assess the effects of iron supplements in iron-sufficient children since almost
all studies are carried out in risk groups, e.g. populations with a high preva-
lence of iron deficiency. In a randomized, controlled iron supplementation
trial in Swedish and Honduran breastfed infants, we showed that iron supple-
ments given before 6 months of age increased Hb even in those infants who
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were initially iron replete and that Hb response to iron supplementation was
useful for the diagnosis of IDA only after 6 months of age [7].

Brain Development

Growth and development of the central nervous system is rapid during
the first years of life. Iron is critical for brain development since it is essen-
tial for myelination, monoamine synthesis and energy metabolism in neurons
and glial cells [8]. In animal models of iron deficiency, reduced motor activity
has been the most consistent observation [9]. Negative effects on cognitive
and behavioral functions have also been observed in some studies of iron-
deficient animals [8]. In most of these animal studies, neurological function
has not been fully restored after iron repletion [9].

Several well-performed case control studies in children have shown a
consistent association between IDA and poor cognitive and behavioral per-
formance even though these observations may be confounded by other nutri-
tional deficiencies and socioeconomic factors [9, 10]. Most clinical trials of iron
supplementation in children unfortunately have not included neurodevelop-
mental outcomes. A meta-analysis of seventeen randomized clinical trials in
children that included cognitive outcomes showed that iron supplementation
had a significant but modest positive effect on mental development index of
1.5-2 points of 100 [11]. This effect was more apparent for children who were
initially anemic, suggesting that iron supplements have positive cognitive
effects in iron-deficient children. This meta-analysis showed no convincing
evidence for an effect of iron supplements on neurodevelopmental outcomes
in children below 2 years of age. This lack of effect in the youngest infants
may be due to irreversible effects of iron deficiency on the developing brain
or the fact that cognition and behavior is more difficult to test in young chil-
dren. The possibility that iron deficiency leads to irreversible effects in young
children is a strong argument for prevention. There are very few trials of pre-
ventive iron supplementation in young children in which neurodevelopmental
outcomes have been assessed. In one trial in Indonesia, a positive effect of 10
mg iron daily given from 6 to 12 months of age was observed on Psychomotor
Development Index at 12 months (106 vs. 103 in the placebo group) [12].
This may not have been a purely preventive trial since 41% of the infants had
anemia at baseline.

There are a few recent studies suggesting that excessive iron intake can
have negative effects on brain development. In a mouse model, Parkinson-
like progressive midbrain neurodegeneration was seen after a period of high
dietary iron intake [13]. These findings are supported by preliminary data
from a randomized controlled trial (RCT) in which healthy Chilean infants
with a birthweight of >3 kg and without IDA at 6 months of age were random-
ized to receive fortified formula with a high (12 mg/1) or low (2.3 mg/1) iron
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content from 6 to 12 months of age [5]. Motor development, cognitive devel-
opment, spatial memory, reading and arithmetic and visual-motor integration
were assessed at 10 years of age. The high iron group had lower scores on all
of these outcomes, significantly so for spatial memory and visual-motor inte-
gration scores. Effects depended on initial iron status: High iron formula had
a more negative effect on the outcome measures in children who were ini-
tially iron sufficient (higher Hb), while the opposite was true in infants with
an initial lower Hb. The effect size in visual-motor integration was 2 standard
deviations corresponding to a score difference of 15 points out of 100. The
physiological mechanisms behind this possible negative effect of excessive
iron intake on cognitive development are unknown but iron-mediated oxida-
tive stress has been suggested [13].

Growth

Most iron supplementation studies in children show no overall effect of
iron on growth, although a few studies in iron-deficient infants have shown a
positive effect, and some recent studies have suggested that iron supplements
given to iron-sufficient children may have a negative effect on growth [14].

In a recent meta-analysis of the effects of micronutrients on growth of chil-
dren under 5 years of age, twenty-seven randomized, controlled studies of
iron supplementation were included [15]. In this meta-analysis, there was no
significant overall effect of iron supplements on either weight or length gain.
There were also no significant differences when studies were stratified by
mean baseline Hb. However, without access to original data it was not pos-
sible to investigate the possible interaction between baseline Hb (or iron sta-
tus) and iron supplements on growth at the individual level.

Four studies to date have shown a negative effect of iron supplements on
the growth of young children. In contrast to other studies, these have strati-
fied the children individually based on initial iron status. Idjradinata et al. [16]
investigated the effect of iron (3 mg/kg daily) during 4 months in iron-suffi-
cient 12- to 18-month-old children in Indonesia and observed a significantly
lower weight gain in the iron group (560 vs. 848 g; p = 0.02). The growth of
the iron-deficient, anemic children in the same study was improved by iron
supplementation. In a study of breastfed Swedish and Honduran infants, we
showed that iron supplementation (1 mg/kg daily) from 4 to 9 months of age
had a negative effect on length gain [3]. This effect was restricted to the more
well-nourished Swedish infants and to Honduran infants with an intial Hb of
>110 g/1. In infants with initial Hb <110 g/1, no effect on length gain was
observed. Majumdar et al. [17] randomized 100 iron-replete children (6-24
months old) to receive iron supplements (2 mg/kg daily) or placebo, while 50
iron-deficient children received 6 mg/kg daily during 4 months. Compared to
the placebo group, iron supplementation resulted in a significantly increased
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weight and length gain in iron-deficient children, but a significantly decreased
weight and length gain in iron-sufficient children. Most recently, Lind et al.
[18] investigated the growth of iron-replete Indonesian infants from an iron
supplementation trial. In this study, 680 infants were randomized to receive
iron supplements (10 mg daily) with or without zinc supplement from 6 to 12
months of age. No overall effect of iron on growth was observed, but when
infants were stratified by initial iron status, a significant negative effect of
iron supplementation on weight gain was observed in those infants who were
initially iron replete (n = 154). The effect was substantial with a difference
of >400 g between iron supplemented and non-supplemented iron-replete
infants. Iron-supplemented, iron-replete infants also had significantly lower
serum zinc concentrations.

The mechanism behind the possible negative effect of iron supplementa-
tion on growth in iron-sufficient young children is not known. An interaction
with zinc absorption or zinc metabolism has been suggested (see also below)
since it is known that zinc deficiency has a negative effect on growth [19].
The finding of lower serum zinc concentrations in iron-supplemented iron-
replete infants in the study by Lind et al. [18] would support that hypothesis.
However, in our previous study, no difference in serum zinc was observed
[3]. Other possible mechanisms include pro-oxidative effects of iron or a
decreased dietary intake due to gastrointestinal side effects of iron supple-
ments or an increased susceptibility for gastroenteritis. In our study, iron
supplements increased episodes of diarrhea in iron-sufficient infants, while
the opposite was observed in iron-deficient infants [3].

Infections

In addition to the immune response, host organisms can combat patho-
gens by depleting them of essential nutrients. Iron has a pivotal role in the
defense against infections since it is essential for the growth of virtually all
pathogens — bacteria, protozoa and viruses. As a part of the acute phase
response in humans, free iron is depleted from the systemic circulation down
to 10724 mum [20]. The mechanism is believed to involve the induction of hep-
cidin production in the liver, leading to a downregulation of intestinal iron
absorption and sequestration of iron in reticuloendothelial macrophages [21].
Ferritin — an iron-sequestering protein — is also increased as part of the acute
phase response, further contributing to the reduction of iron available for
pathogens. Conversely, micro-organisms — especially bacteria — have evolved
elaborate methods for iron retrieval to be able to cause invasive infections in
humans [22].

This delicate balance between host and pathogen may be disturbed by iron
supplementation and it has indeed been suggested already in the 1800s that
iron supplements could increase the risk of infection. Two meta-analyses on
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the subject in 2001-2002 came to conflicting conclusions. Gera and Sachdev
[23] found no overall increase in infections except for an increased risk of
diarrhea. Oppenheimer [24], however, found that iron supplementation was
associated with an increased risk for clinical attacks of malaria and other
infections in malarious regions. The increased risk for infections was particu-
larly observed in trials in which parenteral or high-dose oral supplementation
(>2 mg/kg per day) was used.

Interestingly, the malaria parasite is unable to utilize heme iron even
though it grows in red blood cells, surrounded by an abundance of Hb [25].
Instead, plasmodia are dependent on the very small pool of free iron in the
cytoplasm, making them susceptible to changes in iron concentrations caused
by nutritional factors.

In 2003, a large RCT of iron supplementation in Pemba, Zanzibar, had to
be terminated due to serious adverse effects [4]. In this trial, 24,076 children
aged 1-35 months were randomized to daily oral supplementation with iron
(12.5 mg) and folic acid (with or without zinc) or placebo. The dose of iron
was halved in infants <12 months. In the groups receiving iron and folic acid,
there was a 15% increased risk of death and an 11% increased risk of hospi-
tal admission. A substudy suggested that the risk for serious adverse events
was higher in infants who were initially iron replete, i.e. those with higher
Hb and lower zinc protoporphyrin. These results were later supported by an
RCT in Peruvian children (0.5-15 years), showing that iron supplementation
(15 mg daily) resulted in an increased morbidity due to Plasmodium vivax
malaria [26].

Using the same study design as the Zanzibar trial, another large RCT was
performed in a region with a low prevalence of malaria (southern Nepal)
[27]. In this trial, iron supplementation resulted in a significant reduction in
anemia but no increased risk for death, diarrhea, dysentery or respiratory
infections.

Taken together, these studies suggest that iron supplementation of children
is safe with regard to severe infections in nonmalarious regions. In malarious
regions, iron-deficient children are likely to benefit from iron supplementa-
tion, while there is an increased risk for severe malaria infections in those
who are iron sufficient.

Interactions with Other Minerals

Since there is no mechanism for iron excretion in humans, regulation of
iron absorption is critical. The molecular mechanisms for iron absorption in
the intestine have recently been characterized, and the main iron transporter
is believed to be divalent metal transporter 1 (DMT1) at the apical membrane
and ferroportin 1 at the basolateral membrane of the enterocyte [2]. There
are possible metabolic interactions between iron and several other minerals.
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Lead

Lead exposure in children may lead to poor cognitive performance, espe-
cially in children with blood lead concentrations >10 pg/dl but also at lower
levels. Iron deficiency in children is a risk factor for lead poisoning, and it has
been suggested that this is caused by an upregulation of DMT1 in a state of
iron deficiency, leading to an increased intestinal absorption of lead. Thus,
iron supplementation of iron-deficient, lead-exposed children may reduce the
adverse effects of lead exposure. Some studies indeed indicate that iron sup-
plements given to iron deficient, lead-exposed school children, reduce blood
lead concentrations, but there is yet no evidence that this results in improved
cognitive performance [2].

VALY

Zinc deficiency often coexists with iron deficiency in young children in
developing countries, and combined iron and zinc supplementation is there-
fore often recommended. However, a competitive inhibition of iron on zinc
absorption has been suggested, possibly resulting in a negative effect of iron
supplementation on zinc status.

Possible interactions between iron and zinc in clinical supplementation tri-
als have been reviewed in 2005 [28]. In nine of ten reviewed trials of iron-only
supplementation given to children, there was no effect of iron supplementa-
tion on serum zinc. In all four reviewed trials of combined iron and zinc sup-
plementation, the addition of iron to zinc supplements had no adverse effect
on serum zinc. However, it is important to realize that, even though there is
no better biomarker, serum zinc is not a sensitive marker of zinc status, espe-
cially not in mild and moderate zinc deficiency.

Regarding functional outcomes, a few trials have suggested a negative
effect of the addition of iron to zinc supplements. Berger et al. [29] showed
in 2006 that the addition of iron reduced the positive effect of zinc on serum
zinc and weight gain. Similarly, as mentioned above, Lind et al. [18] showed
that combined supplementation had less positive effect on growth than zinc
supplementation alone and that iron supplementation of iron-replete infants
resulted in poorer weight gain and lower serum zinc concentrations.

Even though iron and zinc are chemically similar, they do not seem to share
the same absorptive pathway in the intestine since zinc is mainly shuttled
across the enterocyte by specialized zinc transporters (Zip-4 and ZnT-1) [30].
We have recently shown in a stable isotope study that iron supplements do
not reduce intestinal zinc absorption in healthy, breastfed infants [31]. This,
however, does not exclude other mechanisms of interaction.

Copper

There are several known interactions between iron and copper metabo-
lism, and these two minerals have a common apical enterocyte transporter
(DMT1) [2]. We have shown that iron supplementation of infants reduced
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copper-/zinc-dependent superoxide dismutase activity, suggesting a negative
effect on copper status [32]. However, this effect may be due to interactions
beyond the absorption step, since we and others have shown that iron supple-
ments do not reduce copper absorption in infants [31, 33].

Mode of Administration

In almost all studies that have demonstrated adverse effects of iron in iron-
replete children, medicinal iron supplements (iron drops) have been used
rather than iron-fortified foods. This prompted us to investigate the possibil-
ity that medicinal iron supplements have different physiological effects than
iron-fortified foods. In a secondary analysis of two clinical trials, we compared
infants who had received the same dose of iron from medicinal iron drops and
from iron-fortified foods [34]. Interestingly, iron given as medicinal iron drops
increased serum ferritin, suggesting that it was primarily deposited into iron
stores, while iron given as iron-fortified foods increased Hb, suggesting that
it was primarily used for Hb synthesis. We speculate that a dose of iron given
once daily gives a higher peak of serum iron, inducing hepcidin which diverts
iron to storage. It is possible that such peaks of serum iron, possibly leading to
higher concentrations of free iron, would increase the risk for adverse effects,
especially in iron-replete infants.

Conclusions

In conclusion, there are now several studies suggesting that even though
iron supplements given to iron-deficient children may reduce anemia,
improve cognitive outcome and even improve growth and reduce the risk of
infections, iron supplements given to iron-replete children may instead have
adverse effects on infections (malaria), growth and possibly even cognitive
development. With one exception, these adverse effects were only observed
in infants receiving medicinal iron supplements.

The most severe adverse effect is the increased malaria-related mortality.
The implication in malarious regions is that general iron supplementation
of children should be avoided. In those regions, a cautious supplementa-
tion approach needs to be adopted, based either on screening or the com-
bination of iron supplements or iron-fortified foods with infection control
measures.

The implication with regard to growth is more complicated. Since the
growth inhibition is not likely to be permanent and since iron supplements
have important positive effects in iron deficient children, general iron supple-
mentation should not be discouraged in areas with a high prevalence of iron
deficiency. However, in populations with a low prevalence of iron deficiency,
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general supplementation should be avoided. Iron-fortified foods at current
levels are probably safe in this respect.

The most difficult problem is how to assess the risk for poor cognitive
development in young children receiving high doses of iron-fortified foods.
This concern is based on a single study in humans and needs to be verified.
Nevertheless, manufacturers of iron-fortified foods for infants and young chil-
dren should probably avoid very high doses of iron fortification.

More studies are urgently needed to better determine the risks and benefits of
iron supplementation and iron-fortified foods given to iron-deficient and iron-suf-
ficient children. It is important that all clinical trials of iron supplements and iron-
fortified foods in children include functional outcomes and long-term follow-up.
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Discussion

Dr. Danzel: 1 noticed that in your cohorts the premature babies tended to be the
larger preterms in the late 30 weeks of gestation. We have talked a great deal about
the very low birthweight preterm infants and the poor growth and neurological out-
comes in this group of babies. Would you care to comment on the effect of anemia of
prematurity and relative iron deficiency at that point in time on poor growth and poor
neurological outcome?

Dr. Domelldf: The smallest preterms are at the highest risk for iron deficiency and
therefore need iron supplements to prevent iron deficiency anemia with the ultimate
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goal to improve neurological outcome. However, in those infants who have received
multiple blood transfusions, you should check serum ferritin before you start iron
supplementation to ensure that they do not have iron overload [1]. Also, you should
not expect iron supplements to be effective against early anemia in preterms, which is
generally mostly due to anemia of prematurity [2]. The iron deficiency anemia comes
later, usually only after the baby has doubled his/her birthweight.

Dr. Endyarni: 1 know that we have different stages in iron deficiency: iron deple-
tion, iron deficiency and iron deficiency anemia. If we wait until the child has reached
the stage of iron deficiency anemia, I think it’s too late for us to give supplementation.
At which stage according to you should iron supplementation be given, and which one
do you prefer? We give a low dose over a longer period, but in iron deficiency anemia,
for instance, should we not apply a short-course high-dose regimen and then do the
follow-up? Which one is better according to you?

Dr. Domelldf: In a high-risk group, it’s better to prevent the development of iron
deficiency anemia with a low dose of iron supplements, but in a patient who has
already developed iron deficiency anemia, you should start with a high dose for a short
time to reverse the anemia and then you might either improve the diet or you could
continue with a lower dose of iron supplement to prevent relapse of the anemia.

Dr. Endyarni: Almost 60% of our young girls have anemia. According to your
experience, when should we perform the screening for anemia again?

Dr. Domelldf: Adolescent girls normally have a lower hemoglobin and ferritin com-
pared to boys, so first of all you should make sure that you use a relevant definition of
anemia and iron deficiency anemia [3]. Second, you should make sure that the anemia
indeed is iron deficiency anemia since there are also many other causes of anemia [4].
If you indeed have a large proportion of iron deficiency anemia, you should aim to
prevent this, and there are many studies showing that iron supplementation programs
in schools can be effective [5].

Dr. Gillman: 1 wanted to ask you to speculate a little bit more about fortifica-
tion and about the benefits, risks and costs in iron-replete vs. iron-deficient societies.
Given all of the harms that you showed for iron-replete people, what is the justifica-
tion for iron fortification in iron-replete societies today? And then one of your slides
showed that iron fortification costs more than iron supplementation, and I wonder if
that’s really true in the long run in iron-deficient societies and whether iron fortifica-
tion in iron-deficient societies is a cost-effective measure.

Dr. Domelldf: Iron supplements have a long shelf life so they are usually easier and
cheaper to use in preventive programs in a low income setting. However, to achieve a
sustained effect in a society, it is probably better to improve the availability of afford-
able iron-rich foods and iron-fortified foods. I think this is an important reason why we
have much less anemia in European infants compared to infants in developing coun-
tries. However, the optimal level of iron fortification in infant foods is not known and I
think we need more research on that.

Dr. Haschke: 1 have a comment on your recommendations how to deal with popu-
lations where malaria is prevalent. Do you really think that we can make any recom-
mendations before we understand the mechanisms how iron interacts with the host
in these regions?

Dr. Domelldf: Unfortunately, the Pemba trial will lead to reluctance to perform
more trials even though this is necessary in order to be able to make good recommen-
dations. Infection control measures can reduce malaria-related child mortality very
significantly, so I think that a trial of iron supplementation combined with malaria
infection control could be one way to go [6].

Dr. Haschke: The costs of such a trial may be a limiting factor.

Dr. Domelldf: Yes, the cost is a problem but it might still be possible [6].
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Dr. Ziegler: 1 don’t know where the dose of 1 mg/kg per day or 7 mg/day comes
from. Do you think that a lesser dose, such as 0.5 mg/kg per day might be effective
in preventing iron deficiency in most infants and at the same time have no effect on
growth in iron-sufficient infants?

Dr. Domelldf: The recommended dose was calculated a long time ago and it’s based
on a lot of assumptions [7], so I think we don’t know enough about the real require-
ments. We also have to consider that an iron-deficient child will upregulate intestinal
iron absorption and thereby retain enough iron even when dietary iron intake is low.
Actually, unpublished data from our current trial in marginally low birthweight infants
suggest that a quite low dose of iron is sufficient to prevent iron deficiency anemia.

Dr. Martorell: 1 would like to return to the issue of iron programs in areas where
we have malaria. I think you presented very important research that the delivery of
iron in programs matters. For example, providing iron through fortified complemen-
tary foods as opposed to supplementation may lead to less free iron. WHO’s policy
right now is not to do any form of iron intervention. In your conclusions you recom-
mended malaria control along with supplementation. Would you recommend fortified
complementary foods in high malaria areas?

Dr. Domellof: 1 fully agree with you that iron-fortified foods might be a very good
alternative since they have never been connected with adverse effects in malarious
regions. I didn’t elaborate on that during my speech but if you give one daily dose of
iron between meals, which is suggested for iron supplements, then you will have a
high peak in serum iron, while if you give iron fortified foods in repeated lower doses
during the day, you will not get those high peaks. This might influence the risk for
malaria.

Dr. Pe Thet Khin: According to the WHO, the prevalence of iron deficiency ane-
mia in our country is about 60%. As you know, malaria prevention is our top priority,
and frequently malaria and iron deficiency anemia coexist. According to the papers
published around the year 2000, we stopped giving iron to children, but my colleagues
in the district are now complaining. They see more children with malaria and anemic
heart failure, and the number of children requiring transfusion is increasing. That’s
why they are reverting back to iron supplementation. What would be your advice on
this matter?

Dr. Domelldf: This connects with some of the previous questions. I would suggest
to use either iron-fortified foods or a combination of iron supplements and infection
control. However, further studies are urgently needed.

Dr. Rodriguez: In basic pharmacology, one unwanted adverse effect of oral iron
treatment is constipation [8], but in your study you mentioned that one of the rea-
sons why it seems to be detrimental is diarrhea. Was diarrhea already present in the
subjects before oral iron supplementation or was this a consequence of oral iron sup-
plementation based on the premise that iron can be a nutritive ingredient for some
microorganisms.

Dr. Domelldf: Constipation, diarrhea and stomach pain have all been described as
side effects of iron. In our recent study, we started the infants on iron supplements
at 6 weeks — the worst age for colic — so we expected a lot of problems with real or
perceived gastrointestinal side effects. However, we found no difference between iron
supplements and placebo with regard to any of these gastrointestinal problems, so
I think that clinicians and parents may be overestimating the risk for side effects in
young infants.

Dr. Ke: We are dealing with a lot with iron-deficient children, and you rightly
pointed out that the high-risk low birthweight babies need early iron supplementa-
tion, but how early? The earlier recommendation was to wait for 6 or 8 weeks, and
now some people are starting supplementation already at 2 weeks. What is your
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recommendation? When shall we start iron supplementation for the low birthweight
babies, especially those weighing 1.5-2.5 kg, excluding the very low birthweight babies
who may get blood transfusion.

Dr. Domelldf: You can start anywhere between 2 and 6 weeks of age. For the
prevention of iron deficiency anemia, supplementation must be started before the
infant has doubled his/her birthweight. This means that you should start earlier in
the smallest preterms. However, if the infant has received blood transfusions, serum
ferritin should be measured, and if it exceeds 300 ng/1, iron supplementation should
be delayed.

Dr. Mobarak: 1 was wondering whether you can comment on iron fortification in
areas where thalassemia is very prevalent, especially Bangladesh where the screening
is not very good. About 50% of thalassemia patients are not identified or identified
very late. If you start fortifying foods with iron, what could be the consequences in
areas where thalassemia is very prevalent?

Dr. Domellof: This highlights my previous point that all anemia is not iron defi-
ciency anemia. It’s important that you perform local studies to assess causes of anemia
before you make decisions on iron supplementation programs. With regard to iron-
fortified complementary foods, they are likely to be safe and useful in your setting
since children with thalassemia have similar iron requirements as other children. The
risk for iron overload in thalassemic patients occurs only if you persistently treat their
anemia with iron supplements or blood transfusions.
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Abstract

Exclusively breastfed (EBF) infants have higher weight gain during the first
2 months, and lower thereafter. The explanation for this phenomenon is not clear.
Longitudinal data from the Social Medical Survey of Children Attending Child Health
Clinics study with a cohort of 2,151 Dutch children were analyzed according to a pat-
tern mixture model. It appears that higher than average growth of EBF infants during
the first 2 months is primarily attributable to selective dropout. Furthermore, between
months 2 and 6, light nonEBF infants gain more weight than light EBF infants. Both
factors aid in explaining differences in growth between EBF and nonEBF infants. The
WHO Child Growth Standards for weight-for-age have been calculated from a sub-
group of 903 infants (out of 1,743) that complied with strict feeding criteria. If similar
dropout mechanisms operate in the Multicentre Growth Reference Study, then the
WHO weight-for-age standards are expected to be systematically different from those
for the entire group of 1,743 infants.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

In 2006, the World Health Organization (WHO) released growth standards
for children 0-5 years [1]. These WHO Child Growth Standards (WHO-CGS)
are based in the WHO Multicentre Growth Reference Study (MGRS), a popu-
lation-based study conducted between 1997 and 2003 in Brazil, Ghana, India,
Norway, Oman, and the United States. A novel aspect of the WHO-CGS is the
very careful selection of children that are being raised in circumstances that
promote optimal, rather than maximal, growth. The WHO-CGS portray the
variation in growth of children living in socioeconomic conditions favorable
to growth.
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The MGRS used three compliance criteria for feeding of infants to be
included in the growth standards sample: (1) predominant or exclusive
breastfeeding (EBF) for at least 4 months; (2) introduction of complementary
foods in the period 4-6 months, and (3) partial breastfeeding to be continued
up to at least 12 months. New standards were calculated from the subgroup
that complied with these feeding criteria. The standards are ‘recommended
for application to all children independently of type of feeding’ [2].

Various studies have shown that growth of EBF infants differs from that of
formula-fed or mixed breastfed formula-fed infants (taken together here as
‘nonEBF"). In general, EBF infants gain weight more rapidly during the first 2
months, and grow less rapidly in the period 3—-12 months [3, 4]. Haschke and
Van t'Hof summarize: ‘Our study confirmed that infants who are fed accord-
ing to WHO recommendations have higher weight and length during the first
2-3 months of age than infants fed by other modes. Thereafter, they tend to
be shorter and lighter, but the differences between feeding groups were small
and clinically not relevant’ [5]. Traditional weight-for-age references typically
lump together infants with different feeding patterns. The WHO-CGS for
weight selected only infant-mother pairs that comply with the WHO feeding
regimen. As a result, the WHO-CGS for weight are references that mix feed-
ing modes during the first half year of life, and lower thereafter.

Some have expressed concerns about this finding. Binns and Lee [6] argue
that the higher centiles covering the first 6 months of life in the WHO-CGS are
the result of sample selection, since only those who grow well are retained.
Their fear is that mothers will add ‘top up’ feeds of infant formula or even stop
breastfeeding altogether to achieve the higher WHO growth rates. Thus, they
argue, the WHO-CGS may turn out to be counterproductive in stimulating
breastfeeding. Slow-growing infants who are falling off their growth curve tra-
jectories may be deliberately supplemented or weaned in an effort to reverse
those trends [7]. These infants may then show up as bigger than normal after
some months.

These concerns relate to the direction of causality. The association
between breastfeeding and growth can go either way. Consider the following
two causal mechanisms: (a) EBF causes infants to grow differently (faster
during months 0-2; slower during months 3-12); (b) growth faltering causes
mothers to abandon EBF.

Under mechanism a, we expect that, given 2 infants of the same initial
weight, the EBF infant will gain more weight in months 0-2 than the nonEBF
infant. Under mechanism b, we expect that, given 2 breastfed infants, the
infant with lower weight has an increased chance to switch to complementary
foods. As a result, infants that remain to be breastfed will be heavier. Both
mechanisms can operate simultaneously.

In this paper, [ will attempt to disentangle both mechanisms. I will do so by
studying dropout patterns within the group that started EBF. Considerable
advances in the statistical literature have been made to address dropout
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problems in longitudinal data [8-10]. The paper finishes by addressing some
of the implications of the findings.

Data

The Social Medical Survey of Children Attending Child Health Clinics
(SMOCC) cohort is a nationally representative cohort of 2,151 children born
in the Netherlands in 1988-1989 [11, 12]. During the 1st year of life, data
on type of milk feeding and weight were collected at 1,2, 3, 6, 9, and 12
months of age. Type of feeding (breast, infant formula, cow’s milk, or other)
was recorded at each visit. EBF at each time point was defined as absence of
formula, cow’s milk or other foods. Time of dropout was defined as the first
occasion at which formula, cow’s milk or other foods were introduced.

Statistical Methods

Suppose that ¥ = (Y;;) is an  x m matrix of planned repeated measures of body-
weight Vy; of infant ¢ (4 = 1, ..., n) measured at time j ( = 1, . . . m). Without loss of
generality, we assume that Y;; has been scaled in standard deviation (SD) units rela-
tive to the WHO-CGS. Furthermore, we assume that all infants receive EBF at all occa-
sions, so Yy; is set to missing for occasions where complementary foods were given. Let
us define the response indicator R;; = 1 if the infant receives EBF at time j, and R;; =
0 otherwise. Once infants stop to receive EBF, they seldom, if ever, return to EBF. We
may therefore summarize the response indicator E;; for infant 7 by the dropout indica-
tor D; = %;R;;, which can take values 0, 1, ..., m.

The simplest way to analyze these data is to discard all incomplete sequences,
known as a complete-case analysis. This is essentially the method by which the WHO
has calculated the growth standards. Diggle et al. [8] warn that this approach may
introduce bias if the process that created the dropout is related to the measurements,
as the complete cases cannot then be assumed to be a random sample with respect to
the measurements Y;;. In general, Diggle et al. [8] reject complete case analysis, per-
haps with the only exception ‘when the scientific questions of interest are genuinely
confined to the sub-population of completers, but situations of this kind would seem
to be rather specialized’.

In order to move beyond, we need to model both the measurement and the dropout
process, i.e. we need to model P(Y,D) instead of P(Y). One general approach is the
pattern mixture model, which is based on the decomposition P(Y,D) = P(Y\D)P(D).
Here, the model part P(Y1D) describes how the measurements Y depend on dropout
pattern D. The conditional densities P(YID) are subsequently mixed by the intensity
of dropout P(D) [13]. For longitudinal data with dropouts, this model is often identi-
fied by an extra assumption: the available case missing value (ACMV) restriction [14].
The ACMV assumption implies that, given the past measurements, the distribution of
the future (unobserved) measurement in the dropouts is equivalent to the distribu-
tion of the measurements of those who do not drop out.

We will study two aspects of the pattern mixture model. First, we will explore
P(YID) by comparing the mean weight trajectory per dropout pattern until the time of
dropout. Second, we will assess how realistic the ACMV restriction is, i.e. we will study
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Fig. 1. Trajectory of mean weight SDS per dropout pattern prior to dropout.
Trajectories are labeled by month of dropout from EBF. The diagram shows that EBF
infants who drop out are lighter before they drop out.

whether EBF and nonEBF groups grow alike. For these data, we are in the fortunate
position that we have weight measures available beyond dropout. Both analyses will
guide us to evaluate whether modeling the data by a full pattern mixture model would
be useful.

Results

Figure 1 portrays the development of the mean weight SDS (WSDS) trajec-
tory by drop out pattern. Only mean WSDS prior to dropout is plotted. The
point labeled ’1’ is the mean WSDS of the group that did not receive EBF at
month 1. This group includes three subgroups: (1) infants that never received
any breastfeeding, (2) infants with mixed feeding, and (3) infants that initially
received EBF but dropped out before month 1. The trajectory labeled '2’ is the
mean WSDS of 224 infants that received EBF at least up to month 1, but who
dropped out at month 2. Likewise, the trajectory labeled '3’ is the mean WSDS of
196 infants that received EBF at least up to month 2, but dropped out at month
3, and so on. Except for group 1, all data points apply to infants that actually
received EBF. On average, birthweights in the SMOCC are slightly above the

170



Effects of Selective Dropout on Infant Growth Standards

WHO standard. This might be related to longer than average mother’s height
[15]. Note a striking feature in figure 1: the mean WDSD just one occasion prior
to dropout is always lowest among all patterns. For example, average WSDS at
month 1 of the 224 infants that dropped out at month 2 is equal to —0.28 SD,
which is substantially lower than mean WSDS that receive EBF during at least
2 months. Similar observations apply to the other patterns.

Figure 1 shows that EBF infants who drop out are lighter before they drop
out. The consequence is that infants who continue to receive EBF are heavier.
If we were to construct standards from these data by taking all children that
receive EBF up to — say —month 3, then we single out the data of all 609 infants
present in patterns 6, 9 and 12. We implicitly then select infants that thrive
well on EBF throughout months 1-3, while excluding data from 420 infants on
EBF that have a lower than average weight gain during this period. The effect
of this selection is an upward drift. The size of the difference between the
included and excluded patterns is about 0.25-0.30 SD at any age.

Figure 2 provides another look at the data. The figure allows us to address
the question whether the three groups per period (EBF-EBF, nonEBF-non-
EBF, EBF-nonEBF = dropout) grow alike. Figure 2a contains the regression
lines estimated for the each group separately for months 1-2. The differ-
ences in weight gain are small in general. The EBF group grows slightly faster
(0.12 SD; table 1) during this month than the nonEBF group. The situation is
reversed for the next two periods (2-3 months and 3-6 months), where the
nonEBF group gains weight considerably faster than EBF infants (0.20 SD in
period 2-3 months, and 0.33 SD in period 3-6 months; fig. 2b, ¢). Note that
the difference varies with initial weight, and is largest for the lightest infants.
This suggests that, relative to EBF, lighter infants in the nonEBF group are
overfed, presumably due to catch up. Finally, no growth differences occur
during period 6-9 months (fig. 2d). Infants with EBF and without EBF grow
essentially the same during that period.

When taken together, figures 1 and 2 yield the following picture:

1 Infants who receive EBF at month 1 are heavier at birth.

2 Higher than average growth of EBF infants during the first 2 months is

primarily attributable to selective dropout.

3 Between months 2 and 6, light nonEBF infants gain more weight than

light EBF infants. In addition, selective dropout continues to operate.

4 No differences in weight gain were found between nonEBF and EBF

infants between months 6 and 9. Selective dropout continues to
operate.

Discussion

Infant growth and dropout are clearly interrelated processes. Our data
indicate that the decision to abandon EBF strongly depends on infant weight.
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Fig. 2. Regression lines to describe weight gain at four different periods during
infancy. Per period, three separate models were fitted corresponding to feeding mode.
Differences between feeding modes are small for periods 1-2 months and 6-9 months.
In periods 2-3 months and 3-6 months, lighter infants receiving complementary foods
gain more weight than lighter infants receiving EBF.

Furthermore, we found that the difference in weight gain between the EBF
infants and nonEBF infants depends on initial weight. Both mechanism a and
b mentioned in the introduction operate simultaneously, and do so in differ-
ent ways at different ages.

The WHO standard of weight-for-age is generally higher than other refer-
ences during the first half year. This cannot be explained as an artifact due to
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inadequate modeling. Model fitting and selection has been done very carefully
using the best available tools, and is well documented [16, 17]. Diagnostics
like the worm plot [18] indicate extremely good model fit. Without doubt, the
published standards are a faithful representation of the weight distribution in
the selected populations.

However, the findings presented in this paper beg the question whether
the selection of infants has been appropriate. The MGRS study enrolled 1,743
newborns into the longitudinal component. The WHO-CGS weight standards
were calculated from the compliant subset of n = 903 infants (51.8% of 1,743)
[2]. Most dropouts occurred because the mothers did not adhere to the strict
WHO feeding protocol. If we are willing to assume that the dropout processes
in the MGRS are similar to those in SMOCC, then standards calculated on
the 903 subset will be different from standards calculated from the full set of
1,743 infants.

One may defend the choice for the compliant subset by arguing that the
interest is genuinely confined to the subpopulation of completers. However,
that argument is somewhat at variance with the WHO recommendation to use
the new standards irrespective of feeding mode, and disregards the selective
effect that growth faltering may have on dropout.

A way forward is to calculate references on all 1,743 infants according to
the intention to treat principle. In order to do so, we need to know for the
dropouts what weights we would have measured had the infant been fed
according to the WHO protocol. There are nowadays good methods for mak-
ing such estimates, e.g. multiple imputation under fully conditional specifica-
tion [19]. All the relevant data have been collected within the MGRS to enable
such analyses. If the findings in this paper hold in the MGRS data, the result-
ing references are likely to be different from the current standard. A first step
to see how large this difference could be is to inspect diagnostic plots like
figures 1 and 2 calculated from the MGRS data.
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Discussion

Dr. Sunga: In the Philippines, we have started using the WHO charts. You men-
tioned that the subjects used in the study were children of breastfeeding mothers
from a high socioeconomic class who were also nonsmokers. My question is, would
this be the appropriate population considering the differences in the feeding prac-
tices between the different socioeconomic groups? Would children from the lower or
middle socioeconomic class be more representative of the population?

Dr. van Buuren: This is a very relevant question because it refers to the selection
in the first phase, and the selection was created deliberately by the WHO to assess
optimal growth in optimal circumstances, i.e. what you can achieve if you are raised in
optimal circumstances. That’s why this criterion has been applied by the WHO. This is
a kind of innovative aspect of the WHO references because this is the first time that the
references are made explicitly from a kind of normative spectrum, so ‘how should chil-
dren grow’. This is the kind of WHO philosophy that leads to selection, and whether it
applies to mothers of other socioeconomic strata is a point of discussion, but the idea
is to have references for optimal growth, for growth in optimal circumstances.
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Dr. Lucas: You have reviewed three charts, the Dutch chart, the WHO chart, the
CDC chart. They obviously differ according to which people are put in the charts, at
different stages, and more philosophy lies behind the selection here, but the real ques-
tion is which is the best chart in terms of clinical outcome. If we don’t know the answer
to that, is the choice actually academic?

Dr. van Buuren: 1think you cannot say which chart is the best because all charts
will be somehow tied to a reference population, so it depends on what your goals are.
I can imagine the discussion going on in the UK about which WHO standards one
should use. Still, the WHO standards may actually be very useful for countries that do
not have their own references. But for countries with their own references, one might
discuss the use of WHO references.

Dr. Gillman: My question is about the conclusion that bias might occur, and it
really depends on how you interpret your first bullet. The decision to abort exclu-
sive breastfeeding depends on infant weight. If I understand your data correctly, it
is shown that aborting exclusive breastfeeding is associated with infant weight, but
you really don’t have a strong study design where you conclude that infant weight
causally is associated with the decision to abort. There could be other reasons why
people with children at lower infant weights choose to abort exclusive breastfeeding
besides the weight itself. If that’s the case, then I am not sure you really have a bias but
you have confounding or maybe reverse causation. I think it’s really important to get
those things straight because we wouldn’t want to conclude that infant weight is the
cause or the factor and therefore we should change the charts, until we know what the
underlying reasons are. Can you respond to that?

Dr. van Buuren: 1 cannot confirm that weight itself really is a causal factor here.
But if you look at the different dropout groups, it’s systematically the ones that drop
out just before becoming light and much lighter than the ones that stay in. Now, if you
only consider the ones left over here, then on average the charts will be higher. So it’s
not a matter of confounding but simply a matter of selection, i.e. which children do
you want to put in the chart.

Dr. Gillman: Tunderstand that if those babies were in the charts it would be lower,
you would have a different kind of chart, but I still am not certain as to the reasons
why the babies in number 2 and number 3 and possibly number 6 aren’t there, and it
may not be that they are lighter, it may be something about other decisions based on
social circumstances, family circumstances, etc. that may actually drive this, in which
case you may actually at the end of the day conclude that the WHO charts got it per-
fectly right.

Dr. van Buuren: 1do not entirely agree with you because the reasons are not that
relevant. You see selection from the group that started breastfeeding. I suppose that
we want to generalize about that group. At least, that’s the assumption that I make. If
that assumption is correct, then there is systematic bias.

Dr. Gellman: 1 think in a statistical sense that’s true that you have a cohort and
people drop out, and the people who drop out are different from the people who stay
in, but the question is why they drop out and if you want to, who is it that you want
to conclude is growing the way you want them to grow. It may still be the people who
are high SES, nonsmokers and happen to stay in the cohort. That may still be the right
group.

Dy van Buuren: But these are infants and mothers that were already included in
the cohort, so I assume that that’s the group that you want to base your decision on
irrespective of whether they drop out or not and what the reasons were for dropout.

Dr. Haschke: 1have two comments. Having worked at the committee which pre-
pared the protocol for the WHO growth study until 1993, it was clear that the WHO
growth curves would have the political goal to show that breastfed infants from
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different parts of the world show a similar ‘healthy’ growth pattern. Indeed, the
WHO Growth standards indicate that breastfed infants from different parts of the
world are growing in a similar way. Unfortunately, the WHO growth charts include
no infant cohort ‘Asian’ genes. The six study sites were in Europe, North and South
America, Middle East, West Africa, and India. Therefore, five infant cohorts (includ-
ing India) have ‘Caucasian’ genes and one cohort has ‘African genes’. More than 50%
of the infants of the world have ‘Asian’ genes. Another issue is the development of
the obesity epidemic. In developing countries, infants from higher socioeconomic
segments have higher risk to become obese than infants from lower socioeconomic
segments.

Dr. van Buuren: 1agree with you that it would have been better to include an Asian
site because if you look at the world population, the Asians are underrepresented.

Dr. Mobarak: Your cross-sectional studies were conducted in different regions,
but you didn’t include the Asian sites. Did you see any regional patterns in these cross-
sectional studies? I was also wondering why you didn’t adopt the intent to treat prin-
ciple at the beginning because it is obvious that in this kind of large studies there
will be dropouts and that could calculate the real effects. Also, if you now adopt the
intention-to-treat principle, are you going to change your policies and if so, what will
be your new policy?

Dr. van Buuren: Regarding the inclusion of Asian populations, I have already
said that it would probably have been better to include more populations. It actu-
ally depends on how different growth is among the globe on different continents.
As for your second question about the intention to treat principle, the alternative
is to use the ‘completers only’ analysis, which is actually what the WHO did. This
takes only the ones that comply with the protocol and makes references from these
infants. That’s problematic in the sense that you can get bias estimates because of
selection. This selection problem is the reason for not doing the complete analysis.
The only alternative is then to do the intention-to-treat analysis, which includes all
subjects that were admitted in the first place. So it’s clear then what the population
is to generalize over. It is simply the population that you included in your study. This
would not be clear if you took only the completers because that would be a kind of
haphazard population.

Dr. Martorell: 1was involved in the development of these curves as a member of
the Executive Committee that guided the work. We need to understand that WHO
intended to create a standard rather than a reference [1]. A reference is representa-
tive of a country or a population group. The intent of WHO in creating a standard was
quite different and that’s why the discussion about ‘intent to treat’, where you retain
all children you enroll initially to derive the curves, doesn’t make sense because a pri-
ori it was defined that one wanted a population in which there is a very low probability
of growth failure due to environmental reasons, for example poverty, poor environ-
mental sanitation or inadequate practices related to breastfeeding and infant feed-
ing. The approach was ‘prescriptive’ and called for mothers and children to comply
with predefined characteristics and practices for data from the child to be included in
the development of the standard. We know from quite a lot of data that appropriate
breastfeeding and infant feeding practice lead to better mortality and morbidity out-
comes, particularly in poor countries [2]. There is a specific pattern of growth that is
observed in healthy breastfed babies, as demonstrated in the WHO study and in other
samples. Breastfed infants have greater weight for length during the first few months
of life but become thinner later; in terms of length, they differ little with respect to
references such as the CDC 2000 charts [3]. My final comment is about the lack of
a population from Asia. India was one of the countries included, and there was an
attempt to include other countries but this did not work out. There are data from
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China showing that urban children, in cities like Beijing and Shanghai, have similar
growth in length to the WHO curves.

Dr. van Buuren: With respect to the first point, there are only 3 countries or 3
references here. I also made similar plots for the data from France and the UK and it
looks the same; there is the same bump at 1.5 years. I think Ekhard Ziegler will show
more of this, it’s quite a remarkable difference. The second point, there have been
studies in China which are more or less similar to the WHO curves. That’s reassuring
of course, so we need more of those studies to see whether these references hold up
against populations in which they were not developed.

Dr. Domelldf: Are you planning to work together with the WHO people on this, do
you have a dialogue with them? Also, I would like to comment that our Swedish growth
charts are based on formula-fed infants from the 1970s. It is well known among clini-
cians that breastfed babies have a weight curve bump at about 3 months compared
to the reference curves from formula-fed infants, and I don’t think that this could be
explained by selective dropout, or could it?

Dr. van Buuren: Related to the first one, I sent my manuscript to Mercedes deO-
nis and she made a comment on it; essentially she is denying that there is a problem
in MGRS data. So I quote Mercedes deOnis: ‘Unlike what seems to be the case in
the Dutch cohort, in the MGRS cohort the decision to abandon exclusive breastfeed-
ing was largely unrelated to infant weight and mainly related to the mother’s need to
return to work’. Furthermore, she says that when comparing the complying and non-
complying babies, there were negligible differences in weight and none in length. She
says, we looked at it and we didn’t find anything. I would be curious to know if they did
the kind of dropout analysis that I just showed; they did an analysis of birthweight. If
you look closer at the dropout patterns, my guess would be that what you would see
is essentially a flat line with dropouts dropping out from it. Such analysis would have
to be done in order to be sure that selection is not a problem in this case. Your second
question is about the Swedish data where there is a bump. I am not familiar with the
data so I cannot say right at the moment whether selection could be a problem there.
It can occur with longitudinal data, so if your data are longitudinal there is the poten-
tial of such phenomenon to occur.

Dr. Lucas: 1 just want to elaborate a bit more on the question that I asked you
earlier. Obviously, we can have these charts driven by philosophy, but at the end of
the day we want these charts to actually be geared to real clinical outcome data. To
illustrate, in developing countries we want to promote growth because that’s impor-
tant for morbidity and mortality risk, whereas in the developed world we would like
slow growth because that’s best for cardiovascular disease and obesity risk in later life.
That would spell out two different sorts of charts, the chart for use in the developing
world where what you really want to do is to diagnose growth failure because that has
important clinical prognostic significance, whereas in the developed world you might
well want charts which justify a lower pattern of growth rate or low rates of early
growth and because that would be useful in sort of toning down if you like the more
rapid growth that could lead to obesity and cardiovascular disease. But I am worried
that the approach is mathematical rather than linked to sort of real outcome. And I
agree with your first answer to my question which was that the best chart is a chart
that can be used in different circumstances, and those are two circumstances where
what you’d want might differ actually.

Dr. van Buuren: If you want to detect failure to thrive or obesitydevelopment,
you could try to adopt the approach of Tim Cole who constructed thrive lines, which
is the lower 5% in a longitudinal sense. You may imagine inverse thrive lines in which
you take the 95th percentile, and healthy growth should be between those two.
Those could be constructed from the same data and the same chart, so that would tie
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together. I cannot help these things being a bit mathematical at times, but they are
done for clinical purposes.

Dr. Elmouzan: The WHO standards are, as everybody knows, based on a selec-
tive population, and therefore we have the best yardstick to judge the prevalence and
to try to improve nutrition and growth, but for a simple pediatrician who is assessing
growth of children on a daily basis, especially in developing and transitional countries,
do you think it is appropriate to judge these children according to this very high stan-
dard of growth.

Dy van Buuren: It's difficult to answer because the needs for growth charts differ
between different people and different countries. I would not be willing to give a gen-
eral recommendation to always use the WHO charts, but they are of very high quality.
If you have mainly a clinical population you may be interested in the outer rather than
middle centiles and make provisions for that. So there is not one simple answer to it.
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Abstract

This paper explores three issues related to the 2000 Centers for Disease Control and
Prevention growth charts. First, it clarifies the methods that were used to create the
charts as it has become apparent that the smoothing techniques have been somewhat
misunderstood. The techniques included smoothing-selected percentiles between
and including the 3rd and 97th percentiles and then approximating these smoothed
curves using a procedure to provide the transformation parameters, lambda, mu, and
sigma. Only the selected percentiles were used in this process due to small sample
sizes beyond these percentiles. Second, given the concern that the infant charts were
created with relatively few data points in the first few months of life, it compares the
original observed percentiles with percentiles that include newly available US national
data for the first few months of life. Third, it discusses the issues that arise if a 99th
percentile is extrapolated based on the lambda, mu, and sigma parameters. The 99th
percentile of the body mass index-for-age chart has been recommended to identify
extremely obese children, yet the 97th percentile is the highest available percentile on
the Centers for Disease Control and Prevention growth charts.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

In 2000, the United States Centers for Disease Control and Prevention
(CDC) released a revised version of the National Center for Health Statistics
(NCHS)/CDC growth charts [1, 2] to replace those used since 1977 [3, 4].
Several concerns about the 1977 NCHS growth charts had arisen related

The findings and conclusions in this report are those of the authors and not necessarily those
of the CDC.
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primarily to the data sources, curve smoothing and the fact that two differ-
ent versions [3, 5, 6] of the charts (with significant differences at the outer
percentiles) were used by the research and clinical communities. Analyses of
these and other concerns have been published extensively [7-9]. These con-
cerns led to the revision of the 1977 NCHS growth charts and release of the
2000 CDC growth charts.

This paper explores three issues related to the 2000 CDC growth charts.
First, it clarifies the methods that were used to create the charts as it has
become apparent that the smoothing techniques have been somewhat mis-
understood. Second, given the concern that the infant charts were created
with relatively few data points in the first few months of life, it compares the
original observed percentiles with percentiles that include newly available US
national data for the first few months of life. Third, it discusses the issues that
arise if a 99th percentile of body mass index (BMI)-for-age is extrapolated
based on the lambda, mu, and sigma (LMS) parameters.

Development of the 2000 CDC Growth Charts

Revision of the 1977 NCHS growth charts began in the 1980s during the
planning of the third National Health and Nutrition Examination Survey
(NHANES III) when infants and young children were oversampled for the pre-
cise purpose of revising the growth charts [10]. In the early 1990s, four work-
shops with invited experts were held to discuss a variety of questions related
to the revision. Specific questions that were discussed included: Should eth-
nic-specific charts be created? Should sexual maturity be incorporated? What
data should be used from birth to 3 months? What smoothing techniques?
Should measures other than those in the 1977 version be included? Should
low birthweight infants <2,500 g be excluded? And, what are the implications
of the secular trend in bodyweight for the growth charts [11-13]?

Decisions stemming from the workshops led to national survey data
being the primary source of data for the growth charts and ethnic-specific
curves not being created. Sex-specific weight-for-age, stature-for-age and
BMI-for-age curves were created for ages 2 through 19 years and sex-spe-
cific weight-for-age, recumbent length-for-age, weight-for-recumbent length
and head circumference-for-age were created for infants and children from
birth to 36 months of age. A separate set of weight-for-stature curves, pri-
marily for children 2-5 years of age, was also made available. Since there
were no national survey data for birth, the national distribution of birth-
weights obtained from US vital statistics birth data was included in the
weight-for-age charts, birth length data from the states of Wisconsin and
Missouri were included in the length-for-age and weight-for-length curves
and head circumference-for-age curves included birth data from the Fels
[14] Longitudinal Growth Study.
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The methods, including the data sources, used to create the 2000 CDC
growth charts have been published elsewhere [15]. In summary, two data
exclusions were made. Very low birthweight infants <1,5600 g were excluded
from the infant curves, and data for children ages 6 and above from the
national survey NHANES III (1988-94) were excluded from the weight-for-
age and BMI-for-age curves because of a secular trend in bodyweight that
occurred between NHANES II (1976-80) and NHANES III.

The smoothing techniques that were used to create the 2000 CDC
growth charts have been somewhat misunderstood. In order to meet the
needs of a good fit to the empirical data, to reduce or eliminate previous
disjunctions, and to be sure that percentiles and z scores agreed, a combi-
nation of smoothing techniques was used. Selected percentiles (3rd, bth,
10th, 25th, 50th, 75th, 90th, 95th, 97th and the 85th for BMI) for each
set of curves were smoothed using a variety of parametric and nonpara-
metric regression procedures. In a second stage, the transformation stage,
the smoothed curves were approximated using a procedure to provide the
transformation parameters LMS [15]. Only the selected percentiles listed
above were used in this process due to small sample sizes beyond these
percentiles. This method is not identical to the LMS method [16, 17] found
in the literature.

Before release of the curves, an extensive evaluation was conducted.
The curves were compared with external US data sets using a variety of
statistical techniques such as goodness of fit tests, x? tests, comparison of
means over all ages, comparison to other curve-smoothing methods such as
the LMS [16, 17], first, second, third differences, and cumulative distribu-
tion frequencies. Graphical comparisons of the empirical data, smoothed
data and 1977 curves were also undertaken. During this process, it became
apparent that the infant length-for-age curves from birth to 6 months of age
did not appear to match other US data sets such as the Pediatric Nutrition
Surveillance System (PedNSS) [18], the Child Health and Development
Studies [19] and the Fels Longitudinal Growth Study [14]. Consequently,
additional data from select clinics in the PedNSS were included in the
length-for-age charts for infants less than 5 months of age (not including
birth).

The 2000 CDC growth charts represent the US population during the
national survey periods (1960s through the early 1990s) with the excep-
tions described above. They represent the racial and ethnic diversity of the
US population and the distribution of breastfeeding during the same period.
Complete documentation of the methods and development of the 2000 CDC
growth charts has been published [15].

Since the release of the 2000 CDC growth charts, several issues have
arisen. These relate primarily to the shape of the infant curves between birth
and 1 year of life and the use of the BMI-for-age curves to define extreme
obesity in childhood.
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Infant Charts and Data between Birth and 3 Months

In the construction of the 2000 CDC growth charts, there were no national
data available from any of the national surveys between birth and 2 months of
age. In the 3rd month of life, there were less than 40 observations from national
surveys available for the weight- and length-related charts. Consequently, the
infant curves were modeled using a family of three-parameter linear mod-
els before applying the transformation. As was discussed above, during the
evaluation phase of the development of the growth charts, it was clear that
the length curves did not match several external data sets during the first
months of life, so additional, supplemental nonnationally representative data
were added.

NHANES 1999-2006 included individuals of all ages from birth, so nation-
ally representative weight and recumbent length data for the first months of
life have become available since the release of the 2000 CDC growth charts.
The original published weight-for-age and length-for-age empirical percen-
tiles [15] associated with the 2000 growth charts can be compared with new
empirical percentiles based on a combination of the original national data
(excluding the supplemental birth to 3 months nonnational data) used in the
growth charts and the 1999-2006 NHANES data for birth to 12 months of
age. Combining the 1999-2006 data with the original data resulted in suf-
ficient sample size to estimate percentiles with adequate reliability. The need
to pool data from several surveys in order to have sufficient sample size for
the creation of the original growth charts was discussed at one of the expert
workshops [13]. With the new data, the sex-specific sample size is approxi-
mately 50 in the 1st month of life, 70 in the 2nd, 110 in the 3rd and approxi-
mately 200 in the subsequent months until age 1 year. This compares to no
national data in the first 2 months of life, 40 observations in the third month
and approximately 100-125 observations in the subsequent months until 1
year of age in the original growth chart data set [15].

The original observed (nonsmoothed) weight-for-age and recumbent
length-for-age percentiles [15] and the same estimated percentiles based on
the original national data plus data from NHANES 1999-2006 are found in
tables 1 and 2. A comparison between the two sets of estimates suggests that
the weight percentiles for boys tend to be a little lower in the data set with
NHANES 1999-2006 than in the original data. Similarly, the numbers sug-
gest that the length percentile estimates which include NHANES 1999-2006
are higher compared to the original estimates during the first 3 months of
life, particularly for boys. The observed median recumbent length in boys
increased from 52.1 cm in the original data to 54.2 cm in the data which
includes NHANES 1999-2006 and 50.8 to 53.1 cm in girls. The differences
reflect both the fact that the NHANES 1999-2006 data are included and the
fact that the supplementary data sets were excluded in the estimates based
on the data set with the NHANES 1999-2006 data. The relative contribution
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of the inclusion of the NHANES 1999-2006 data vs. the exclusion of the sup-
plementary data needs to be explained. Further analyses, including smooth-
ing the curves without the supplemental data and with the newly available
national data, will indicate how much of the shape of the curves was deter-
mined by the supplemental nonnational data vs. the lack of national data dur-
ing the first few months of life. A change in birthweights reflected in the more
recent NHANES data would not explain any differences since the national
distribution of birthweights shifted to the left between 1990 and 2005 [20].

BMI and Extreme Percentiles

During the development of the 2000 CDC growth charts, endocrinologists
requested the inclusion of 3rd and 97th extreme percentiles [11]. At that
time, no discussion occurred about the need for more extreme percentiles.
Subsequently, there has been some interest in a more extreme percentile
on the BMI-for-age chart in order to identify extremely obese children. The
use of the 99th percentile has been recommended [22, 23] and publications
have used the extrapolated *99th percentile’ of the BMI-for-age growth charts
calculated from the CDC-supplied LMS parameters available on the internet
[24] even though the 2000 CDC growth charts were created using data only
between the 3rd and 97th percentiles and extrapolation was not advised [15].
Some comparisons of the 2000 CDC growth charts to other charts have used
the CDC-supplied LMS parameters to calculate extreme z score values even
as high as 3 (equivalent to the 99.8th percentile) which also go well beyond
the range of the data from which the CDC LMS parameters were calculated
[25]. Percentiles beyond the 97th percentile were not evaluated when the
2000 CDC growth charts were released, and these uses go beyond the range
of the data from which the CDC-supplied LMS parameters were calculated.

The primary problem with using the CDC-supplied LMS parameters
to quantify extreme values is that these extrapolated curves are not well
behaved. The extrapolated '99th percentile’ curves calculated from the CDC-
supplied LMS parameters do not have the same shape as the published 95th
and 97th percentile curves (fig. 1 and 2). The LMS-calculated percentiles
above the 97th (or z scores above 1.88) are outside of the data range from
which the LMS parameters were calculated. The data were too sparse at the
extremes to calculate extreme percentiles with any precision. A much larger
data set would be required to reliably estimate extreme values in the tails of
the distribution.

In general, the behavior of data in the very extreme tails of a distribution is
difficult to model and requires additional sample assumptions. This type of mod-
eling of the very extreme values of a distribution is a branch of statistics known
as ‘extreme value’ theory. A Box-Cox transformation similar to LMS that also
adjusts for kurtosis was developed by Rigby and Stasinopoulos [26]. The effect
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of this method on extreme percentiles has not been examined. Extreme percen-
tiles are very sensitive to estimates for the skewness parameter. While a small
amount of kurtosis may not impact greatly the middle part of a distribution, it
can impact the tails. Moreover, an extremely large data set would be needed in
order to estimate extreme percentiles (or z scores) with any precision.

Conclusion

The 2000 CDC growth charts represent an improvement to the 1977 NCHS
growth charts and provide a general reference of the US population during
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the period of the 1960s through the early 1990s. Further research is needed
to explore the infant growth curves, comparing the published curves with
curves which include the newly available national data. The 97th percen-
tile is the highest available percentile on the CDC growth charts and further
efforts need to be made to find adequate cut-off values for extreme obesity
in children.
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Discussion

Dr. Moelgaard: 1would like to know how you handle differences in racial groups,
do you think that you can use the same curves for all racial groups up to 20 years, and
is optimal growth the same for all races up to 20 years?

Dr. Ogden: The WHO charts [1] show that differences in growth between race/
ethnic groups are due to socioeconomic, health and feeding differences, and so I think
that you could use the same charts.

Dr. Moelgaard: But do you have any race-related differences in your own data?

Dr. Ogden: African-American girls are heavier than White girls in the US.
Comparing Mexican Americans and Whites, differences are not consistent. You might
find one age/sex group where there is a difference.

Dr. Islam: When the NCHS standard chart came out, it was thought that it was a
universal chart, and that it was good for use all over the world for all races and in all
countries. As you know, in the 1978 Geneva Convention it was agreed that we should
use the standard chart until each nation has its own separate chart, and now again the
WHO chart has come. Does this mean that we don’t need a national chart anymore?
Could the WHO chart be universally applicable?

Dr. Ogden: Inthe US, we use the CDC charts because they represent the US popu-
lation and because they are a general reference. I think that there has been an interest
in having the growth charts as a general reference, but people may make different
decisions in different countries.

Dr. Davies: 1 have got two questions, a theoretical one and a more practical one.
Why did you calculate the LMS data from the smooth centiles rather than the original
data, because by doing that, as you quite rightly said, you then limit the use of those
LMS studies to get the more extreme centiles or z score for that matter. And the prac-
tical question is, you gave us some new concepts relating to defining obesity using BMI
from your data. If you are to use those cutoffs on any given data set, how would they
compare to the International Obesity Task Force cutoff published by Tim Cole a few
years ago.

Dr. Ogden: On the first point, this method actually fits the data the best. When
LMS was applied directly on the data, those results were compared to this other
method, of smoothing the data first. This other method fitted the data better, so that
was really the driving factor. When comparing with the IOTF cutoff points [2], there
are some differences. The IOTF cutoff points include the data from the CDC growth
charts, but the cutoff points are a little bit different. The IOTF are based on BMI of
25 (overweight in adults) and 30 (obesity in adults) at age 18, so that they match the
adult definitions. There are some slight differences, but they are not as big as you
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might think. Looking at NHANES III [3] data from 1988 to 1994 in the US, if you use
the CDC 95th percentile, you actually get a higher prevalence than the IOTF obesity
cutoff point [4]. If you look at the IOTF overweight cutoff point, the prevalence is
slightly higher in the early years but similar in the early teens.

Dr. Batubara: T would like to know the differences between the ethnicities in
America because in Netherlands, for instance, different growth charts for different
ethnicities are being used. The other thing that I would like to ask is why only new
data were added to CDC 1997 to create CDC 20007 By doing so you cannot see the
secular trend, you don’t know if height and weight will be improved or not.

Dr. Ogden: The 2000 charts are a modification of the older charts from the 1970s
[5]. The HES and NHANES I data included in the 2000 charts were also included in
the old charts. I think the biggest problem with the old charts was the data for infants
and young children. These data weren’t nationally representative and were based on
formula-fed infants. The older children charts of the 1970s were based on national
surveys, and those data were used in the 2000 charts in addition to the new data from
NHANES II and NHANES 1II (except for weight from NHANES III for children aged
6 years and older because of a secular trend in weight). Concerning your other ques-
tion, the US is a mixed population and maybe 5% is Asian right now. We are compar-
ing everyone to that same reference. Unfortunately, in NHANES we don’t oversample
Asians. Right now, all we can do is look at Mexican Americans, African Americans and
Whites, and there are differences related to obesity.

Dr. Batubara: Do you think that in the clinical settings a standard chart would be
better than a reference chart?

Dr. Ogden: 1 can say that when we discussed the use of WHO charts in the US, it
was a very interesting discussion between experts in different areas. There were dif-
ferences of opinions particularly related to the issue of a standard vs. reference.

Dr. Lucas: 1 was delighted from a conceptual point of view that you defined
extreme obesity, the 99th centile, in terms of the percentage risk of having a risk fac-
tor for heart disease and later obesity. But why stop at the 99th centile? Is it worse
from the point of view of cardiovascular disease risk and obesity risk to be on the 75th
centile rather than the 50th centile? NHANES should be able to answer that, you have
got all the data, and if the answer to that is yes then it actually makes a bit of a non-
sense of reference standards or using centile charts because most people regard the
75th centile as normal.

Dr. Ogden: 1 think that this is a huge question. If you look at David Freedman’s
work [5, 6], the relationship is relatively flat until about the 95th percentile, and it’s
really after the 99th percentile (and 97th percentile) that there is a sharp increase.
Some of the work that we have been doing on lipid levels and body fat using DEXA in
kids 8 through 19 years of age shows that the majority of the kids with BMIs between
the 85th and the 95th percentiles do not have elevated lipid levels. These are statisti-
cal definitions and we don’t have a risk-based definition of excess fat in kids.

Dr. Lucas: You have the data?

Dr. Ogden: We do have a paper where we are looking at some of the risk factors, such
as lipids, and body fat. But again, there is no set definition of what is too much body fat.

Dr. Lucas: The data concerning risk factors for heart disease in children are a bit
harder.

Dr. Ogden: The prevalence of these risk factors is low in children; it’s a problem of
sample size for NHANES.

Dr. Lucas: What I am saying is you have got the later data and you can then look
back at it.

Dr. Ogden: But let’s say you want to look at diabetes in teenagers. The prevalence
is so low, you can’t really do analyses using national survey data, that’s all I am saying.
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Dr. Davies: The Australian Government agreed to undertake the review of which
was the best growth chart to use for monitoring infant growth, which of course is
going to be great fun and a barrel of laughs. So I just wondered when your new infant
data is going to become official.

Dr. Ogden: 1 presented our research project. We plan on writing a paper to show
how the curves change when these new data are added.

Dr. Haschke: Can you give us some hints how big the sample size of a reference
population has to be to calculate a safe 99th percentile? If the cohort includes 2,000
infants (same sex, age), the 99th percentile is related to weight or length of 20 kids
only. Alan Lucas was asking if we should use other percentiles as cutoffs, e.g. the 85th
or the 95th percentiles.

Dr: Ogden: You want to have at least 10 above the 99th percentile, so that would
be a sample size of at least 1,000, but that’s not a hard and fast rule.

Dr. van Buuren: 1 am a bit surprised to see the way the fitting is done in two
stages because that methodology was used in the 1980s and at the beginning of the
1990s. Today, it has essentially been replaced by the LMS method. I think that many
of the problems that you mention concerning the outer centiles, the instability and
the combining of different groups as you showed for the PedNSS data can be solved
much more elegantly nowadays by using more modern statistical technology. Don’t
you think it’s time to abandon the two-step approach?

Dr: Ogden: 1would agree that we should investigate other methods, but it was felt
that this method was the most flexible way of actually fitting the data.

Dr. Manzoor Hussain: It has been mentioned that there is not much difference
between the WHO and CDC charts after 2-3 years. What could be the possible expla-
nation in your opinion?

Dr. Ogden: That is a very good question. The WHO charts are based on cross-
sectional data after age 2, as are the CDC charts. The CDC charts are based on the US
population, a generally healthy population, maybe that explains it, but I haven’t done
any work in terms of really answering that question.
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Abstract

Growth assessment of children requires comparison of growth measurements with
normative references, usually in the form of growth charts. Traditionally growth charts
(growth references) have described the growth of children who were considered nor-
mal and were living in a defined geographic area. The new WHO growth charts, on the
other hand, are growth standards that aim to represent growth as it occurs worldwide.
Moreover, they represent growth as it occurs under optimal circumstances and is
thought to be conducive to optimal long-term health. Most growth references are sin-
gle-country references, exemplified here by charts from the UK, the Netherlands and
the USA. By contrast, the Euro-Growth reference and the WHO standard are based on
multinational samples. Comparison of these five charts reveals surprisingly large dif-
ferences that are for the most part unexplained. Differences between the WHO charts
and other charts are only partially explained by the use of a prescriptive approach and
by the data truncation employed. The large differences between charts probably are
of merely trivial consequence when charts are used in monitoring individual children.
When charts are used in health assessment of groups of children, the impact of the
differences, however, is substantial.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Growth is a sensitive indicator of the health of infants and children. The
assessment of growth therefore plays a central role in child health monitor-
ing. Growth assessment involves comparison of an individual child’s growth
performance with norms in the form of growth charts. Growth charts are also
used to assess the growth of groups of children in epidemiological studies [1].
Many countries have created their own national growth charts. Countries that
do not have their own charts must rely on charts created elsewhere.

The claim of growth charts to represent the norm usually derives from the
fact that they represent the observed growth of normal children living in a
defined geographic area, such as country or a continent (e.g. Europe). Since
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they aim to represent the growth of normal children, they exclude data for
children with chronic illnesses, especially illnesses that affect growth, and
data for children on medications that potentially affect growth. Also, chil-
dren born prematurely or with low birthweight may or may not be included,
with considerable variation in the birthweight cutoff when they are included.
Some national growth charts exclude children from racial/ethnic minorities.
Growth charts that represent all children deemed to be normal are referred
to as descriptive growth charts or growth references. The national growth
charts for the UK [2], the Netherlands [3] and the USA [4] as well as the multi-
national Euro-Growth chart [5] are examples of growth references.

The WHO 2006 [6] multinational growth charts depart from the growth
reference model in several ways. To be globally representative, children living
in six countries provided the measurements for the WHO charts. But the chil-
dren were not representative of their country of residence. Rather, they were
selected on the basis of sociodemographic characteristics and other criteria,
including whether or not the child’s nutrition adhered to WHO guidelines.
Although the selection criteria were the same in all six countries and were
applied uniformly, their application led to the exclusion of a variable propor-
tion of children, so that in some countries the great majority of children were
excluded whereas in others only a small proportion was excluded. Also, in
constructing the charts for 2- to b-year-old children, data for children with
the highest weight for height were deemed unhealthy and were excluded.
The growth charts generated by this ‘prescriptive’ approach are referred to as
growth standards.

The great majority of growth charts have been constructed from cross-
sectional data where each child is measured once. One key advantage of
this approach is that it makes possible the measurement of relatively large
numbers of subjects. The alternative approach has been to measure children
longitudinally. Both of the multinational charts discussed here used the lon-
gitudinal approach (WHO only for birth to 2 years, not for 2-5 years). They
were based on relatively small numbers of subjects, which is the main disad-
vantage of the longitudinal approach. The possibility to create norms of incre-
mental growth, the main advantage offered by the longitudinal approach, has
only been realized by Euro-Growth [7].

Methods

We compare three national growth charts, i.e. charts for the UK [2], the Netherlands
[3] and the USA [4], and two multinational charts, Euro-Growth [5] and WHO [6]. The
three national charts as well as the WHO charts for 2-5 years are based on cross-
sectional data from relatively large numbers of subjects. The multinational charts are
based on longitudinal measurements either entirely (Euro-Growth) or for the first
2 years (WHO). The number of subjects in the longitudinal samples was relatively
small (birth to 2 years 1,205 in Euro-Growth and 882 in WHO). Although there were
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considerable differences with regard to the extent to which low birthweight/prema-
ture infants were included, these differences are unlikely to affect the character of
the charts except at the extreme outlying percentiles. For purposes of comparison,
we also include growth data for breastfed infants collected in various localities (see
below).

The charts for the UK (UK90) [2] are based on data from 37,700 children (boys
and girls) from 17 separate surveys and are deemed representative of the population
of England, Scotland and Wales. The children ranged in age from birth to 23 years
and included all prematurely born and low birthweight infants. Most ethnic non-white
children were excluded.

The Dutch charts (NL97) [3] are based on 14,500 boys and girls who were con-
sidered representative of the Netherlands. Infants with birthweight <2,500 g were
included. Children of non-Dutch parents were excluded with the exception of children
with one Dutch and one West European parent.

The US charts (CDC) [4] represent a modification of the 1977 NCHS charts [8],
which had been adopted for global use as NCHS/WHO charts. The CDC charts are
based on data from 5 nationally representative surveys (NHANES) conducted in the
US between 1963 and 1994. Because the surveys included only small numbers of sub-
jects less than 1 year old (fewer than 330 per month), additional length data (but not
weight data) were obtained from government-sponsored health clinics for months 1-5.
Thus, for the age bracket 3-12 months the charts are based on weight data from fewer
than 300 subjects per month and for months 1 and 2 no weight data. Length data for
6-12 months were similarly limited, but for 1-56 months data from several thousand
subjects were used. No information about the nutritional management of infants is
available. Weight data for children >6 years obtained between 1988 and 1994 were
excluded because of the high prevalence in that cohort of children with ‘unhealthy’
(i.e. high) weights.

The Euro-Growth charts (Euro) [5] are based on data gathered at 22 sites in 11
European countries. Subjects born between 1990 and 1993 were followed longitudi-
nally from birth to 5 years. Of 2,245 subjects enrolled, 1,746 completed the study to
age 12 months, 1,205 to age 24 months and 1,071 to age 3 years. Subjects were born
after 37 or more weeks of gestation with a birthweight greater than 2,500 g. A substan-
tial minority of subjects were fed according to WHO recommendations, i.e. breast for
1 year with complementary foods only after 6 months, and data for these subjects are
presented separately [9].

The WHO 2006 charts (WHO) [6] are based on data obtained in a ‘Multicentre
Growth Reference Study’ carried out between 1997 and 2003 that involved children
living under conditions that posed no constraints on growth. For the charts to be glob-
ally representative, data were gathered at 6 sites in 6 countries (Brazil, Ghana, India,
Norway, Oman, USA). The study consisted of a longitudinal study from birth to 3 years
of age and a cross-sectional study of children aged 1.5-5 years. In the longitudinal
study, 1,737 subjects were enrolled, of whom 882 completed the study; only their data
were used. Infants born at term were included regardless of birthweight, so that the
sample included 2.3% of infants with birthweight <2,500 g. Subjects were required to
be fed according to WHO recommendations, meaning that they were breastfed for the
first 12 months of life with complementary foods introduced after 6 months of age.
Their mothers did not smoke cigarettes. The strict eligibility criteria led to the inclu-
sion in some countries of only a small minority of subjects, who came predominantly
from the more privileged strata of societies. The cross-sectional study involved 6,669
subjects aged 18-71 months of age from the same demographic strata as the longitudi-
nal study. Data for subjects with weight for height >+2 standard deviations (SD; 1.4%
of boys and 1.1% of girls) were not used in the creation of charts for 2-5 years.
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Three sets of growth data for breastfed infants living in North America and Europe
were used for comparative purposes. They included (a) data from six European and
North American countries [10], referred to as Working-Group Breast or WGBreast;
(b) data from Iowa combining previously published [11, 12] and unpublished data,
referred to as IABF, and (c) data for the breastfed subset of the Euro-Growth sample
[9], referred to as Euro-BF. Each of these sets comprised infants who were breastfed
for all or most of the first 12 months of life and did not receive complementary foods
until after 4 months. In the WGBreast set, only a minority of infants received supple-
mental formula after 6 months of age. In the lowa set, some of the infants did not
receive supplemental formula until after 9 months, whereas others received some for-
mula beginning at 4 months or 6 months. In the Euro-BF subset, information regard-
ing formula feeding after 4-6 months is not available. WGBreast included 226 infants,
TABF 586 infants birth to 4 months and 167 to 12 months) and Euro-BF included 319
infants. The WGBreast and Euro-BF data are smoothed, whereas the IABF data are
not.

All growth charts are gender specific, although only one gender (male or female) is
presented here. We present select percentiles (6th, 50th and 95th). To facilitate com-
parison of charts, we express charts also as SD scores based on WHO. When we show
SD scores, both genders are combined.

Results

Birth to 2 Years

In a comparison of growth charts, the 1st year of life is of the greatest
interest for several reasons. For one, due to the rapidly changing growth
velocity, the shape of the growth curves is difficult to capture faithfully in
smooth percentile curves. Also, in the first year of life differences in feeding
practice (e.g. breast vs. formula) affect growth velocity and hence the shape
of the curves. We therefore concentrate our comparisons on the 1st year of
life. As will be shown, from a growth charts perspective, the 2nd year of life
represents largely a continuation of events and trends that began in the sec-
ond 6 months of life.

Figure 1 shows weight for age of three national growth charts from the UK,
the Netherlands and the USA, and the two multinational curves. The curves
appear fairly similar in both shape and position. To facilitate comparison of
charts, in figure 2 the 50th percentiles of the national curves and the Euro-
Growth curve are expressed in SD units of the WHO curve. It is evident that
weight during the first 4-6 months is higher with WHO than with any other
chart. After 6 months the opposite is true, with WHO weight lower than in the
four other charts. The differences are substantial, reaching 0.4 SD units in
the first 6 months and 0.5 SD units, in the opposite direction, by 12 months.
Differences for other than the 50th percentiles (not shown) are generally of
a similar magnitude.

It appears possible that the difference in weight between the WHO chart
and the other charts might be due to the fact that all WHO infants were
breastfed and followed WHO recommendations for use of complementary
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Fig. 1. Weight for age, males, 1-12 months of UK90, NL97, CDC, Euro and WHO.
Shown are the 5th, 50th and 95th percentiles.
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expressed as WHO SD scores.
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Fig. 3. Weight for age 1-12 months of breastfed infants. 50th percentiles expressed
as WHO SD scores.

foods. Figure 3 presents weight data for three sets of breastfed infants, all
expressed as SD units of WHO. Weight of breastfed infants generally deviates
less from WHO weight than weight of the four other charts, suggesting that
breastfeeding is at least part of the explanation for the differences between
WHO and the other charts. However, the pattern of the differences from WHO
is similar to the pattern shown in figure 2, suggesting that other factors, per-
haps including differences in curve fitting techniques, may explain most of
the differences between curves.

Length for age percentiles are shown in figure 4 for all five charts. Closer
agreement than among weight charts is suggested, especially during the first 6
months. Comparison of SD units (fig. 5) confirms this impression. Differences
do not exceed 0.3 SD units at any time. During the second 6 months, both
Euro and NL97 exceed WHO, whereas UK90 and CDC agree closely with
WHO. CDC length shows a peculiar pattern, being lower during the first 6
months than all other curves. An explanation is not available, but the suspi-
cion is that the quality of the length data used by CDC for birth to 5 months
may hold the explanation.

During the 2nd year of life, differences and trends in weight that were
established between 6 and 12 months continue essentially unchanged, with
WHO weight being lower than weight of all other charts (fig. 6). The differ-
ences between WHO and the other charts range from 0.3 to 0.6 SD units and
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Fig. 6. Weight for age 1-24 months of UK90, NL97, CDC and Euro. 50th percentiles
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are thus not trivial. Although the nutritional regimen employed by WHO, which
included breastfeeding well into the 2nd year of life, explains at least part of
these differences, whether other factors also play a role is not known. For
length during the 2nd year of life (data not shown), the pattern established
by 12 months continues as it does for weight. CDC length remains somewhat
below WHO length, whereas length of other charts either is close to WHO
length or somewhat above, with differences not exceeding 0.2 SD units.

Two to 5 Years

Weight percentiles are shown in figure 7 and 50th percentile values
expressed as WHO SD units are shown in figure 8. The Dutch charts show
the highest weight for all percentiles and at all ages, closely followed by Euro-
Growth. WHO weight, on the other hand, is the lowest or among the lowest at
all ages. Given that WHO excluded data for children with the highest weight
for height, it might be expected that the 95th percentile and perhaps the
50th percentiles would be somewhat low. But weight truncation at the upper
end does not explain why the lower WHO percentiles should be low (fig. 7).
Overall, the differences between charts are surprisingly large. As figure 8
shows, the 50th percentiles for weight can differ by as much as 0.6 SD units.

The differences between height curves (fig. 9) are larger still than the dif-
ferences between weight curves, as is best appreciated when 50th percen-
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tiles are expressed as SD units (fig. 10). The largest difference between 50th
percentile curves is 0.8 SD units. A difference of 0.8 SD units, for example, is
equal to 3.36 cm for boys at 4 years. The Dutch are the tallest and again are
followed by Euro, although the advantage of the Dutch for height is larger
than for weight. Surprisingly and unexplained, CDC height is lowest and as
much as 0.3 SD units below WHO.

Body mass index percentiles shown in figure 11 indicate that WHO is low-
est at each of the percentiles shown, which is not too surprising given the
truncation of weight at the upper end of the distribution. What is perhaps
surprising is that the spread among 50th percentile curves (fig. 12) is less
than with either weight or height. An explanation for this seeming paradox is
not evident.

Discussion

The notion that growth charts should describe an idealized population and
thereby provide a description of growth as it should be is of recent origin.
The ‘prescriptive’ approach utilized by WHO has yielded charts that represent
growth as it occurs when circumstances are optimal. But even under optimal
circumstances, there are some children whose weight is higher than is con-
sidered compatible with good health. Hence, WHO elected to exclude data
for children with the highest weight for height. Therefore, the WHO charts
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describe the growth of children as it could or should be, not as it actually
occurs even under privileged conditions.

As one would expect, the WHO charts differ in several ways and to a
substantial extent from existing growth charts, both national and multina-
tional. Not all differences, however, seem to be explained by the prescriptive
approach. In the first 6 months of life when WHO weight exceeds that of
any other chart, we have provided evidence that the feeding mode (exclusive
breastfeeding) does not explain all the difference. Selective dropout [13] and
possibly differences in curve fitting methods may be as important, if not more
important, than feeding mode in explaining the differences in weight percen-
tiles. After age 6 months and through 24 months, however, when WHO weight
is lower than weight of any other chart, the differences seem to be entirely
the result of the prescriptive approach. If there are other explanations for the
sizable difference, they have not been identified.

A number of reports have discussed and described the implications of the
use of the WHO standards in nutrition research. Fenn and Penny [14] found
in three countries that using the WHO standards led to a higher proportion of
children classified as stunted and fewer classified as underweight compared
to when the NCHS/WHO charts were used. Others [15-17] have found similar
discrepancies, as would be expected. There is no question that the implica-
tions for epidemiological research are quite far-reaching.
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The implications for monitoring of individual children’s health may be less
serious. After all, in monitoring an individual child’s growth, most commonly
periodic growth measurements are performed and are plotted on a growth
chart. Growth performance is judged on the basis of how closely the child’s
weight and length curves parallel percentile lines (channels) of the growth
chart. For this judgment, the position of the percentile line is of less importance
than its inclination and shape. When the question must be answered whether
an individual child’s size is normal, however, the position of the percentile line
is the all important variable rather than its inclination or shape. This is also true
when only a single measurement of a child is available and a judgment must
be rendered as to the normality of the child’s growth. When growth charts are
used to determine the adequacy of the growth of groups of children, the posi-
tion of the percentile lines is the parameter of greatest importance.
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Discussion

Dr. Elmouzan: 1 would like to ask whether the samples from China include
rural areas or only urban areas because this has an effect on the type of chart
comparison.

Dr. Ziegler: There were only nine urban centers; no rural areas were included
[1,2].

Dr. Haschke: You indicated that the truncation of the WHO growth standards elim-
inated data from children between 2-5 years who were above 2 SDs. If the sample size
was 930, this would have a substantial influence on the 95th or the 97th percentile. If
the WHO standards are used for comparison, this could result in an overestimation of
obese children in a target population.

Dr. Ziegler: Absolutely, you are correct, I don’t think it makes a difference on
the 50th percentile, but it makes a big difference on the outlying percentiles, which
are lowered. And that was the exact reason why data for the heaviest children were
eliminated.

Dr. Hussain: Have you got head circumference data on the WHO charts?

Dr. Ziegler: Yes they have been published but I have not reviewed them, so I have
no comment.

Dr. Martorell: 1would like to correct a misunderstanding about the exclusion cri-
teria. If we look at the 0- to 2-year data, the longitudinal part, it’s clear that the WHO
children are heavier at the beginning but become thinner later. However, they have
lengths that are not very different from those of references like the NCHS. Now, in
the 0- to 2-year sample, the exclusion criteria for weight-for-length were above +3 and
below -3 [3].

Dr. Ziegler: That differs from my perception. +3 SD and -3 SD were eliminated
because they represent outliers. But the elimination in the 2- to 5-year cohort was
above +2 standard deviations, only above.

Dr. Martorell: Yes, the cutoff point for the cross-sectional 2- to b-year sample was
+2 SD and around 1% were excluded [3]. But clearly the pattern of growth of the WHO
children in the longitudinal sample, i.e. heavier weight for length early on followed by
lower weight for length later, is clear and is not due to exclusions.

Dr. Gillman: 1am just going back to something we talked about yesterday, which
is that growth in the first 6 months of life, both linear growth and perhaps adiposity,
might be determined in part by hormonal factors as well as nutrition. Can you com-
ment on what the implications of that might be for creating and interpreting growth
charts?

Dr. Ziegler: The presumption always is that leaner is better for long-term health.
In our large samples, we have always had breastfed babies smaller than formula-fed
babies. The difference becomes significant after 2 months of age; after that, formula-
fed babies are heavier and longer. But the hormonal implications, I don’t know. We
measured [GF-I levels. At 1 month, they are the same regardless of whether the babies
are fed formula or breast milk, but at 4 months IGF-I levels are much lower in breast-
fed babies than in formula-fed babies. In formula-fed babies, they essentially don’t
change from 1 to 4 months, whereas in breastfed babies they go down.
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Dy van Buuren: 1 have seen the previous version of your results, and I felt more
comfortable when I was doing the analysis of dropout. First of all, you find substan-
tial differences between the countries, and I think this merely reflects how life is.
We all know that the Dutch are taller than the Malaysians and that’s simply what we
see on the charts, no matter what standard we have. I think that if you are going
to include more and more countries, then the WHO line will be somewhere in the
middle, with countries varying over this line. A second remark, you said that there
aren’t many studies on cutoffs. I would like to mention that a colleague of mine, Paula
van Dommelen, has done good work on formulating cutoffs for identifying Turner syn-
drome from height measurements, for identifying celiac disease, dehydration in early
life, cystic fibrosis and overweight. So there is some new work that looks at health
outcomes related to growth [4-6]. I think your data are largely consistent with the idea
of dropout. The American data that you showed are growing according to the WHO
line. Could this be explained by the fact that all groups were breastfed for a very long
time? And what about the other breastfeeding studies, how long was the breastfeeding
in those studies?

Dr. Ziegler: You are referring to the graph I showed with the three breastfed
groups. The WHO Working Group data, those were North European and US infants,
they were exclusively breastfed for 6 months and then continued to be breastfed, and
that I think explains why they follow the WHO very closely. As for our own data, we
enrolled babies at 1 week and we permitted some supplemental formula; that’s why I
think the smaller babies where the mother thinks the baby is not growing enough are
not dropping out. Regarding the Euro Growth, I don’t know enough.

Dr. Haschke: The ‘breastfed’ infants in the Euro Growth study were exclusively
breastfed at least until 4 months of age.

Dr. Ziegler: So there is a little bit of mystery why we have at 1 month this big
difference with WHO lower than the other groups, but at 2 and 3 months the other
groups are all lower than the WHO. The main point I tried to make is that the WHO
being higher at 2, 3 or 4 months, cannot be explained by the fact that the WHO infants
were breastfed exclusively and the others not.

Dr. Boey: Canyou explain how this sampling was done to ensure that it was nation-
ally representative?

Dr: Ziegler: The CDC sampling is done to be nationally representative, all minori-
ties and geographic areas are represented. There may have been some oversampling
of certain minorities which were low in numbers, but the aim is to have a nationally
representative sample, which I think makes the CDC unique.

Dr. Ogden: The samples are nationally representative. There is some over sam-
pling, but the sample weights are used to adjust for the oversampling in the analysis.
The response rate in the surveys for children is above 80%.

Dr: Ziegler: So urban, rural and all racial groups are represented according to their
presence in the US population.

Dr. Ke: Although there is controversy surrounding these WHO charts, they are
really encouraging to a clinician like me as they demonstrate that exclusively breastfed
babies grow very well. However, after 6 months these babies have some sort of growth
faltering. Does it mean that the complementary feeding practices in India, Brazil or
Ghana, which are the representative nations, are not as good as in Europe or the US?

Dr. Ziegler: Your speculation is as good as anyone’s. The WHO in the description of
the sample do not provide any information about complementary feedings.

Dy Haschke: A question to Dr. Martorell. You are probably familiar with the anal-
ysis of subgroups in the WHO study. The criteria of the WHO were not to exclude
infants who have been exclusively or predominantly breastfed until 4 months of age.
There might be a subgroup of infants which has been exclusively breastfed until 6
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months of age. Was there a difference in growth between the overall cohort and those
infants who were exclusively breastfed until 6 months of age?

Dr. Martorell: Yes, those analyses were done, and there were no differences
between these two groups.

Dr. Haschke: What was the reason then?

Dr. Martorell: Differences, if real, would be so small that a very large sample size
would be required.

Dr. Moelgaard: You said that you have data on IGF-I. Is there a relationship
between growth rate and IGF-I in your data?

Dr. Ziegler: The answer is no, there is no relation between IGF-I levels and growth
among individual infants. But, if I compare the breastfed group with the formula-fed
group, they differ in the rate of growth and they differ in IGF-I, so for the groups the
answer is yes, for the individual it’s no.
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Abstract

From retrospective studies, there is substantial evidence that birthweight and the
rate of weight gain during early infancy are associated with increased risk for adverse
health outcomes later in life. Birthweight is the marker of the integrative effects of the
prenatal environment, while the rate of weight gain after birth reflects both genetic
potential and external postnatal influences. The adulthood-to-infancy associations
constitute the basis for the ‘fetal origins’ and ‘catch-up growth’ hypotheses for some
diseases. However, these findings are based on the assumption that anthropometric-
based indices reflect body composition during both time periods, with the body mass
index (weight/stature?) being the most frequently used index. More direct measures of
body composition were simply not available at the time of the births of the adults par-
ticipating in these studies. Nowadays, there are a number of in vivo techniques that can
be used to examine body composition in infancy. In particular, what does the body mass
index reflect in terms of body composition for the infant? Is it an adequate index?

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Introduction

A number of retrospective studies have well established that birthweight
and rapid changes in the pattern of growth in early infancy are associated with
increased risks for obesity, hypertension, cardiovascular diseases, diabetes,
and some cancers later in life [1-4]. The relative impact of the prenatal and
postnatal periods on these risks remains unclear, as do the underlying meta-
bolic or physiological mechanisms. The ‘fetal origins’ and ‘catch-up growth’
hypotheses, for example, have proposed that there are ‘critical windows’ dur-
ing growth that may reflect genetic/nutrient/environmental interactions that
translate to phenotype programming [5].
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For a majority of the retrospective studies, birthweight has been the most
frequently used anthropometric marker for fetal and postnatal growth. Both
low and high birthweight have been associated with increased disease risks in
adults, although not necessarily of the same magnitude or for the same dis-
eases, resulting in both J- and U-shaped response curves. Also, rapid weight
gain during early infancy, whether as ‘catch-up’ growth to compensate for
low birthweight or as overnutrition following a normal birthweight has been
identified as a potential predictor of later adverse health. The relative birth-
weight and changes with growth were expressed in standardized z scores or
percentile rankings using the ponderal index (PI; weight/length®) and body
mass index (BMI; weight/length?). These anthropometric-based indices were
used as surrogates for body composition, since direct measures of body com-
position some 50-70 years ago (at the time of the births of the adults in the
retrospective studies) were not readily available. One cannot say with cer-
tainty how an infant’s PI or BMI value from 50 to 70 years ago would translate
to body composition, but we can make this comparison for today’s infants.
During this conference, we have seen how growth curves are constructed and
used internationally. For my presentation, I hope to provide some insight into
how they may be translated to body compositional information.

Body Composition Methods and Models

The composition of the human body can be described using a number of
different models which often require multiple measurement techniques [6].
The one model that is probably the most frequently used, at least for nutri-
tion studies, is the four-compartment model that partitions the body into the
major components of water, proteins, minerals, and fat. This is the model
used by Fomon et al. [7] to develop their classic Reference Children model
for the description of growth for birth to age of 10 years. At least three inde-
pendent assays are required for use of this model; measurements of body
water, proteins, and minerals. The sum of these three compartments along
with body glycogen is called the fat-free mass (FFM). The body’s fat mass is
then defined as bodyweight minus FFM. That is, the fat mass is not directly
measured, but is the difference between two large values. It is worthy of note
that although FF'M was developed only to be used as an intermediate step for
determining fat mass, FIF'M has gained prominence over the years as though
it were an important body composition parameter. That is, as in vivo assays
have been developed, comparisons are often made only with the FFM when
it is the subcompartments that are more important. That is, the subcompart-
ments can independently deviate from the normal range for different diseases
or illnesses, while the estimate for the overall FFM would still appear normal.
Thus, caution should be taken not to overinterpret the importance of mea-
suring only FFM. Likewise, to use a measure of only the protein or mineral
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compartment to estimate FFM could translate into a considerable error which
would transfer to the estimate for fat mass as well. What this means is that
if the two-compartment model of fat and FFM is to be used, then at least a
measure of the body water compartment is needed in order to minimize the
error for estimating body fat mass.

In order for Fomon et al. [7] to construct the Reference Children model,
they had to rely on body composition data reported in the literature for differ-
ent pediatric populations of varying ages. Their remarkable efforts, however,
resulted in a composite hypothetical multicompartment body composition
model that was very informative, gender dependent, and covered the age
range from birth to 10 years. The only restriction was that with only limited
data available, the model was constructed to match the 50th percentiles of
weights and stature at each age. That is, the normal variations in body com-
position associated with differences in body size and possibly ethnicity could
not be modeled.

More recently, Butte et al. [8] revisited the original Fomon reference model,
focusing on the first 2 years of life. These authors obtained longitudinal body
composition data at 0.5, 3, 6, 9, 18, and 24 months for contemporary infants in
order to reconstruct the same reference model, with the same set of assump-
tions. These investigators and others have also examined the potential differ-
ences in body composition during early infant growth for breastfeeding vs.
formula feeding and variation of the protein content of infant formula [9-12].
Several representative contemporary studies in infants are listed in table 1,
where different in vivo measurements and models were used.

Overlapping the time period of the study by Butte et al. [8], the develop-
ment of dual-energy X-ray absorptiometry (DXA) provided a major advance-
ment in in vivo body composition methodology. Although mainly focused on
the clinical measurement of bone density of the lumbar spine, the scanners
were modified to cover the length and width of the whole body. Analysis of
the whole-body scan produces a pseudo three-compartment model of body
composition: bone mineral, body fat, and the remaining soft tissues [6]. A
number of studies in term and preterm infants have reported body composi-
tion ‘reference’ ranges based solely on DXA [13, 14]. The references provided
by the earlier publications should be used with caution as a recent study has
reported fat and lean tissue values are dependent on which DXA software
version is used [15].

The most recent advancement in in vivo techniques, magnetic resonance
imaging (MRI) can provide an excellent measurement of body fat distribution
[16]. A single-slice abdominal scan can be obtained in less than a minute, and
the reconstructed image providing a ‘picture’ with sufficient anatomical accu-
racy that the subcutaneous adipose regions can be easily traced, as well as
visceral fat when there is a sufficient quantity present. Similar images can be
obtained using computed tomography, but the associated radiation dose pro-
hibits routine use of this methodology for infants. Using multiple MRI scans
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Table 1. Contemporary studies of body composition in infants using various
methods and models

Study Model Methods Infants Study design

Rigo et al. [23] 3-C DXA 106 cross-sectional
(ages: <0.5 months)

Butte et al. [8, 9] 4-C D,0, TBK!, 76 longitudinal (ages:

DXA 0.5,3,6,9,12,24
months)

Koo et al. [24] 3-C DXA 214 cross-sectional
(ages: 0.1-13
months)

Olhager et al. [17] ~3-C MRI, D,O 46 longitudinal (ages:
0.13-4.4 months)

Ellis et al. [19] 4-C, 2-C D,O,TBK!, 88 cross-sectional

DXA, PEA (ages: 0.5-6
POD? months)

4-C = Four compartments (fat, water, protein, mineral); 3-C = three compartments
(bone, fat, other tissues); 2-C = two compartments (fat and fat-free mass); TBW = total
body water (deuterium dilution).

I Whole body counting.

2 Body volume.

along the length of the body, the volume of the whole-body subcutaneous fat
volume can be estimated. Body fat mass can be calculated if one assumes
the density of the adipose tissue is known. This approach has been used to
examine changes in fat mass during early infancy [17, 18]. The MRI-derived
estimate of fat mass, unlike that obtained with the Fomon model, does not
require any knowledge of the FFM. A limitation with the MRI approach, how-
ever, is that even small movements by the infant during the scan can quickly
degrade the accuracy of the reconstruction images, which in turn limits the
accuracy of the subcutaneous fat and whole body fat estimates. It is mainly
for this reason why MRI has not been successfully used with older infants
unless the infant is sedated or significantly constrained.

The one other method specifically developed and verified for assessment of
body fatness (%fat) in early infancy is based on the measurement of body vol-
ume [19]. It is based on the two-compartment model (fat mass and FFM) and
requires that the density of each compartment is known. The measurement
technique has several clear technical advantages over the other methods, espe-
cially if longitudinal monitoring is to be considered, and if it is to have clinical
application beyond the research environment. There is minimal risk associated
with the procedure which takes about 1 min to complete and is unaffected by
infant movement. The results are immediately provided and have the potential
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to possibly aid in the nutritional management of the infant in early life. If unac-
counted for, a significantly abnormal hydration may bias the %fat estimate, and
the size of the measurement chamber will limit its use to infant weighing less
than about 8-9 kg or about 6 months of age. This size limit, however, matches
well with the fetal origin and rapid weight gain hypotheses.

Body Composition during Early Infancy

In most of the retrospective adult studies, the BMI has been used as the
measure of excess adiposity for both adults and infants. For full-term infants
of appropriate size, the adipose tissue constitutes the second largest propor-
tion of bodyweight, being exceeded only by the body’s water content. During
early growth, adipose tissue mass usually increases concurrent with a decrease
in body water, while there are relatively slow increases in the protein and
mineral compartments [7]. The lipid (fat) content of adipose tissues in early
infancy increases almost twofold, starting at about 39% at birth and reaching
around 63% by 6-9 months [20]. For the retrospective studies, it is implied
that changes in BMI in infants mainly reflect the increased fat storage of adi-
pose tissue. Only until recently have we had techniques that could directly
assess fat mass in vivo for the infant. I want to present some of our initial find-
ings on the relationship between BMI and body composition in early infancy.

Asnoted, for the retrospective adult studies, at birth it was usually only birth-
weight that was recorded, and occasionally body length. Accurate body com-
position assays were simply not available, especially for use with infants. The
only anthropometric measures related to body dimensions. The physical param-
eter used to monitor growth was weight gain, while body length measurements
were difficult to obtain and were therefore infrequent and often of questionable
reliability. Thus, a retrospective calculation of BMI, for example, may have lim-
ited accuracy for the individual infant and clearly no direct translation to the
infant’s body composition. That is, what does BMI measure in the infant? How is
it related to body composition? To answer these questions, we have examined a
group of contemporary infants, both preterm and full-term birth.

When compared with standardized weight-for-age and length-for-age
charts, our infants were within the percentiles expected for preterm and full-
term infants, respectively. To measure body composition, the DXA, total body
potassium (TBK), total body water, and PEA POD techniques described above
were used, not necessarily all of the assays at all visits and for all infants. Each
infant, however, had at least one of the independent assays performed at
each visit. A series of anthropometric measurements was performed, includ-
ing BMI. The correlations for BMI and the PI with various body composition
compartments are given in table 2 for the contemporary full-term infants in
three age groups. The PI was included because it has often been used as a
measure of the growth status of term newborn infants. For all three ages, PI
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Table 2. Correlation of BMI and PI with body composition

0.5 months 6 months 12 months
BMI PI BMI PI BMI PI
%fat 0.51 0.36 0.81 0.65 0.74 0.75
Fat 0.68 0.42 0.89 0.6 0.85 0.78
FFM 0.68 0.30 0.23 -0.29 0.15 -0.09
TBK 0.62 0.35 0.40 -0.07 0.58 0.37
BMC 0.70 0.36 0.75 0.32 0.67 0.50
Length 0.40 -0.12 0.26 -0.35 -0.12 -0.42
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Fig. 1. Relationship of %fat (@) and fat mass (b) and BMI for term infants at 2 weeks
of age. %fat = (2.30 — 0.24 x sex) x BMI - 12.00, and fat = (154 — 8.79 x sex) x BMI
— 1,339, where sex = 1 for males, 0 for females. Prediction errors for %fat and fat are
3.5% and 160 g, respectively.
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Fig. 2. Relationship of TBK and BMI for term infants at 2 weeks of age. TBK = 11.4 x
BMI + 6.12 x sex, where sex = 1 for males, and 0 for females, and fat = (154 — 8.79 x
sex) x prediction error for TBK, 16.6 mEq.

tended to have the lower correlations. Somewhat surprising, BMI at 2 weeks
of age was correlated with all of the body composition compartments (p <
0.001). That is, BMI could equally predict lean tissue mass as well as body fat.
If BMI is to be considered a measure of body fatness, then one would expect
it would be more significantly correlated with %fat. However, we observed
the lowest correlations were for %fat and fat mass. This may indicate that in
early infancy, BMI may be a better predictor of the components of the FFM,
fat mass or of body fatness. This may not be too surprising since body water is
about 80-85% of the total FFM, which makes it also the largest component of
bodyweight. Hence, it is possible that the associations found in the retrospec-
tive adult studies that had infant BMI information may be equally related to
lean tissue mass as to fat mass.

The relationship of BMI with fat mass and %fat for 2-week-old term infants
is shown in figure 1. There is no gender-specific difference in BMI at this
age, while girls have higher fat mass and %fat than boys (p < 0.001). This
reinforces the proposition that BMI in early infancy is related to more than
only body fatness. To illustrate this point, the relationship between BMI and
TBK, an index of skeletal muscle mass, is shown in figure 2. Since there is no
gender-specific difference in the BMI-TBK relationship, this may indicate that
a portion of BMI is related to the adipose cellular component and additional
lean tissues associated with increased adiposity.

As epidemiology studies continue to find associations between body size in
early infancy and risks for diseases in adulthood, other studies are focused on
cellular mechanisms that may contribute to our understanding of this associa-
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tion [23, 24]. It remains unknown whether it is the fat or lean tissue compart-
ment that has a major role in this relationship.
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Discussion

Dr. Dawvies: You showed some data that show that BMI in babies was not particu-
larly well correlated with anything and changed markedly across the 1st year of life. I
don’t think we should forget that when Quetelet proposed the BMI, it was an attempt
to adjust weight for height in adults, and it wasn’t an attempt to measure adiposity.
So I think we are not surprised that BMI doesn’t work in babies because it was never
designed to.

Dr: Ellis: Tdon't disagree. Basically, if you look at the origin of BMI from anthropol-
ogy studies, one finds it was a way to adjust for differences in body size. But over the
years, BMI or its z score or percentile has become a marker for defining excess adi-
posity. We published a paper 10 years ago that showed that the relationship between
the percentage body fat and BMI in children was too broad to consider BMI for this
application. Yes, if your BMI is above the 97th percentile, your excess weight is most
likely due to excess fat. But what is the case at the 85th or the 70th BMI percentile?
There are about equal numbers of children with normal vs. excess fat, when defined as
a percentage of bodyweight, at these levels.

Dr. Domelldf: 1 have two questions. When measuring body fat in small infants, is
there an influence of brain fat? We usually think of body fat as a negative outcome,
but brain growth would obviously be a good outcome, so that’s my first question. The
second one is, since body mass index does not work very well in determining body fat
in these infants, could you make another formula, perhaps also including head circum-
ference to better estimate body fat?

Dr. Ellrs: 1T will answer the second question first. The answer is yes, we could
attempt to establish some other correlation or regression models that could include a
parameter related to head size. However, it may be easier to use something other than
the power of 2 for the height term. If one does a log-log regression of weight vs. height,
the exponent for the height term is closer to 2.78 than it is to 2.0. And as for your first
question, you are absolutely right because the brain region from the DXA technologies’
prospective is closer to fat than to lean tissue. Some investigators have excluded the
head region for DXA scans for older children, but I am not aware of it being excluded
for infant scans. It would be interesting to see how much the head region contributes
to the whole body fat estimate provided by DXA for infants.

Dr. Wang: Although DXA examination is safe in babies, what is the response from
the parents regarding DXA examination according to your experience? My second
question is related to infant feeding. As mentioned by Dr. Lucas on the 1st day of this
workshop, the energy and protein level in breast milk may be overestimated. Do you
think there is a need to reduce the energy and protein content of full-term infant for-
mula for a healthy development and safety of the babies?

Dr. Ellis: When we explain the risks associated with DXA in comparison with other
routing risks in life, like traveling in a car, for example, the parents understand the risks
involved better. I think the second question was whether we should be changing the
composition of the diet if babies become fatter. This is an area that I have no expertise
in, but I think there are ongoing studies looking at that question now, by varying the
energy density as well as the protein content and different sources of protein.

Dr. Cooke: Just some comments. Our group sequentially measured body composi-
tion in 150 preterm infants between hospital discharge and 12 months corrected age
[1]. Lean mass was greater but no differences were detected in absolute fat mass while
percent fat mass was less in boys than girls. As you have suggested, it is also impor-
tant to consider changes in lean mass. Although fat mass is increased in infants fed
a nutrient-enriched formula, it is explained by increased fat deposition on the legs,
not centrally. In effect, differences in fat mass and lean mass can be directly related
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to differences in energy and protein intake. Whether these changes persist later on
remains to be determined.

Dr. Ellis: You are right about the fat distributions, they are different, and DXA
gives you some information, but I don’t think people should be misleading by saying
that DXA can separate subcutaneous from visceral fat for the abdomen. What you are
saying about the legs vs. trunk or arms can be somewhat shown, but it is very difficult
to do this for young infants. I just did some calculations and realize that in babies the
cellular component of the adipose tissue can be as much as 30-50% of the total lean
mass. It doesn’t seem right at first, but an infant’s adipose tissue is only about 60% fat
as compared with 80-85% for adults, 90% for very obese. So for the infant, a large part
of adipose tissue mass is the cellular mass, not fat mass.

Dr. Ziegler: 1 would like to answer the question from the gentleman from China
about the protein content of formula. We think the best evidence indicates that the
protein concentration of formula should be similar to that of breast milk, and breast
milk in the 1st month of lactation has a protein energy ratio of approximately 1.8-1.9 g
per 100 calories, and the most advanced formulas in Europe and in the United States
have that protein content, which provides very little if any excess over the need of the
infant at 1 month of age. In the past, the formulas were much higher in protein and
that puts a metabolic burden on the baby. For later ages, like 4 months, the protein
content of formula should be lower just like the protein content of human milk is much
lower at 4 months of lactation. Some companies are working in that direction to have
follow-on formulas for the 4- to 5-month-old infant that are lower in protein content
than the starter formulas.

Dr. Ellis: And we too are looking at those kinds of babies now, and again that’s why
for us the potassium measurement is so important. It is a direct measure of body cell
mass, the active metabolizing compartment of the total lean mass. It is a measure of
the true changes in the lean tissues, and we are very curious to see how this is going
to come out.

Dr. Ziegler: What do you think about skinfold thickness? How good a predictor is
it of fatness?

Dr. Ellzs: 1 think if you do multiple skinfold thicknesses, you can get a pretty good
measure of the subcutaneous fat. It won'’t tell you much about the visceral fat, but
then the visceral fat is a small component of total fat for infants. Subcutaneous fat
is probably 80% or more. However, if you can’t do the sophisticated methods I pre-
sented, then some measure of skinfolds will probably be better than nothing.

Dr. Zulkafli: 1just want to follow up on what Dr. Ziegler said earlier about protein.
Correct me if I am wrong, at the moment all the follow-on formulas are higher in pro-
tein compared to the infant formulas, am I right? And what’s the reason for that?

Dr. Ziegler: 1think you are correct, most follow-on formulas are higher in protein
content and I can only guess what the reason for that is because they are not modeling
human milk. I think the reason is that the older infant consumes complementary foods
that tend to be low in protein and therefore the follow-on formula should be relatively
high in protein. I don’t know of any other reason.

Dr. Zulkifli: 1 was wondering whether anybody has actually looked at what hap-
pens to the kidney of the children who have been fed these higher protein follow-on
formulas.

Dr. Cooke: Can I comment on that? The idea that one formula can meet the needs
of all infants, particularly the follow-on formula, is perhaps a bit facile. Nutrient require-
ments may vary widely in very low birthweight infancy during infancy again. Thus,
smaller more immature infants acquire a greater nutrient deficit than the larger more
mature infant. Needs for catch-up growth are, therefore, different [2]. Differences
in the nature of the complementary foods may make no difference in the otherwise
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normal infant but may have significant effect in the high-risk infant who has accrued
a major nutritional deficit. Under these circumstances, a diet that’s relatively low in
protein but high in energy may significantly alter body composition. As Dr. Ziegler
has pointed, breastfed infants have lower IGF-I levels when compared to formula-fed
infants. One interpretation is that protein intake is borderline to inadequate in the
former. This is an area that needs to be examined more rigorously.

Dr. Norris: The PEA POD really does offer some interesting methodology in terms
of collecting body composition frequently in infancy, particularly in developing coun-
try settings as you said because it’s portable and so forth. I have two questions on the
methodology. The one is in terms of the hydration factor which may be a potential
confounder. Do you standardize that in the sense that you scan them after feeding,
or how do you deal with that? The second question is, if one wants to get longitudinal
data from very close after birth through to at least 1 year of age and one has got to
then cross over between say 6 months when size becomes an issue, do you then rec-
ommend moving onto DXA and how do you bridge the two methodologies in terms of
producing longitudinal data?

Dr. Ellis: To your second question first. You are right, at present there is a prob-
lem in that the PEA POD has a body size limit that is at about 8 kg, which is about 6
months of age. Above that, PEA POD can’t be used, so one has to go to something like
DXA. In our studies, we will do both PEA POD and DXA when the infant is near this
range. Concerning the other question, in any two-compartment model, irrespective of
what two-compartment model you pick, hydration is an issue. The way the PEA POD
works, you basically assume there is an average hydration for age and gender of the
infant. In the first 6-7 days of life, there can be wide fluctuations in hydration, and
that is why we don’t routinely make PEA POD until 1st week of age. There may be a
way to get around this or to reduce the influence is a way to accounting for some of
the variation. Maybe a measurement like BIA can be developed to monitor rapid fluid
changes in early infancy. If I can use BIA to measure body water, it then eliminates
the issues about hydration and I can now use a three-compartment model, where the
variations seen by the PEA POD can be more directly related to the protein compart-
ment. Alternatively, I can just measure body potassium and forget about using BIA
completely.

Dr. Moelgaard: 1 can see that you use a Hologic DXA scanner. Do you think that
you would get the same results if you used a different DXA machine?

Dr. Ellzs: Unfortunately, all DXA machines, even though they all claim to measure
the same thing, give different numbers. So, unfortunately each machine has to have
its own reference set.

Dr. Moelgaard: And it’s not possible to calibrate them or something like that?

Dr. Ellis: What we do, when involved with multicenter studies using different DXA
machines, is to circulate a common set of phantoms that each center scans. You can
make some adjustments based on these reference phantoms; I don’t think there is one
specifically designed for infant measurements.

Dr. Hiippi: We are all interested in nutrition, how it changes body composition,
but we never really talk about the expenditure of small babies, how that would change
body composition. In a way, we have observed with the back to sleep recommenda-
tions that babies move much less in the supine than in the prone position. Can we use
the DXA measurements or any body composition measurements in the regional way
to separate out what is fat deposition in the context of less spontaneous movement vs.
real fat deposition that you would call too much.

Dr. Ellis: You are asking about energy intake and expenditure along with changes
in body composition. I can measure only the net changes in body composition. It
would be difficult to assign the changes to a specific physical activity such as placing
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an infant in a supine vs. prone position, considering all of the other contributions to
energy expenditure.

References

»1 Cooke RJ, et al: Feeding preterm infants after hospital discharge: effect of diet on body com-
position. Pediatr Res 1999;46:461-464.

»2 Embleton NE, Pang N, Cooke RJ: Postnatal malnutrition and growth retardation: an inevitable
consequence of current recommendations in preterm infants? Pediatrics 2001;107:270-273.

224



Lucas A, Makrides M, Ziegler EE (eds): Importance of Growth for Health and Development.
Nestlé Nutr Inst Workshop Ser Pediatr Program, vol 65, pp 225-237,
Nestec Ltd., Vevey/S. Karger AG, Basel, © 2010.

Endocrinology of Growth
Ron G. Rosenfeld

Oregon Health and Science University, Portland, OR, USA

Abstract

Growth is a remarkably complex biological phenomenon, requiring the coordinated
production of multiple hormones and growth factors. Human growth is characterized
by several distinct features, including: (1) rapid growth in late gestation; (2) growth
deceleration immediately following birth; (3) a prolonged childhood and a mid-child-
hood growth spurt; (4) a pubertal growth spurt; (5) relatively late attainment of adult
height, and (6) minimal sexual dimorphism of adult stature. Secular changes in the
height of humans probably reflect nutritional and environmental factors, rather than
major genomic changes. While multiple hormones impact growth, the growth hormone
(GH)-insulin-like growth factor (IGF) axis plays a central role in both intrauterine and
postnatal growth. GH, after being secreted by the pituitary, binds to a transmembrane
receptor and activates a postreceptor signaling cascade, ultimately leading to phos-
phorylation of signal transducer and activator of transcription (STAT) 5b. STAT5b
transcriptionally regulates the genes for IGF-I and for key IGF-binding proteins. IGF-I,
in turn, binds to the type 1 IGF receptor, resulting in chondrocyte proliferation and
statural growth. IGF-deficient states may be divided into secondary forms, reflect-
ing defects in GH production, and primary forms. Molecular defects of the GH-IGF
axis have been identified in humans, with phenotypes that correspond to the specific
genetic lesions. Therapy with GH or IGF-I can now be matched to specific defects in
the GH-IGF axis.

Copyright © 2010 Nestec Ltd., Vevey/S. Karger AG, Basel

Why Do Animals Grow?

Mammalian growth is an extraordinarily complex biological process. The
difference in size between mycoplasma (10713 g) and the blue whale (108 g
= 100,000 kg) is approximately 20 orders of magnitude, and yet both species
presumably evolved from simple unicellular ancestors. One must infer from
this observation that a wide variety of selective pressures directed the growth
of each organism over evolutionary time, and that multiple genes and gene
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products combined to organize and direct the panoply of growth patterns
that characterizes life on earth.

We may begin by asking the fundamental question: Why do organisms
grow? Why invest so much genetic and ultimately metabolic energy in a
growth process, when there may be more urgent needs of an organism? Much
of this is dictated, of course, by the simple fact that animals are born small
and, generally, helpless. Growth is required to achieve sizes necessary to ful-
fill the animal’s adult functions of gathering, predation, defense, socializing
and reproducing. Different societal structures dictate different growth pat-
terns: in gorillas, where the dominant adult male controls a harem, the male
gorilla is often twice the size of his female partners; in humans, the adult
height differential between adult males and females is only 7%, reflecting the
generally monogamous nature of human society [1]. A more detailed view of
the lifespan of human growth pattern demonstrates some additional interest-
ing and unique features that discriminate human growth from that of other
mammals, including primates [2]:

1 Maximal growth occurs during gestation

2 The normal time of gestations for humans is relatively short relative to

their body size

3 Growth decelerates immediately following birth

4 Relatively late sexual maturation

5 Puberty commences at a time when the growth rate is slowest in all of

childhood

6 The presence of a distinct pubertal growth spurt in height

7 Delay between puberty and full reproductive capacity

Anthropologists and auxologists have debated the selective forces which
have shaped human growth patterns. It has been proposed that a relatively
short gestation is required to allow accommodation of a relatively large brain/
head through the birth canal. A prolonged childhood with a relatively mod-
est growth rate promotes an infantile appearance, which would foster the
transmission of knowledge and culture from one generation to the next, as
well as prevent juvenile males from presenting a competitive sexual threat
to adult males. A rapid and pronounced pubertal growth spurt would then
allow adolescents to rapidly attain ideal adult heights at a delayed age. The
relative lack of sexually dimorphic growth in human males and females (the
7% difference in adult height is largely explained by different pubertal growth
patterns in earlier epiphyseal fusion in females), allows for an adult female
size that can accommodate the carrying and delivery of a human fetus and
newborn; adequate pelvic size is necessary to not only support the size of the
fetus, but to permit delivery of the relatively large fetal cranium characteristic
of Homo sapiens.

As one considers the remarkable complexity of mammalian growth, it
becomes apparent that regulation must occur on multiple, carefully integrated
levels. Only a robust system of interacting hormones and growth factors

226



Endocrinology of Growth

could possibly allow the multiple stages of growth characteristic of complex
mammals, as well as the intricate coordination with metabolic and reproduc-
tive needs. To attempt to explain growth of mammals in terms of one or two
hormones is ludicrously reductive and fails to do justice to the remarkable
interspecies differences, as well as the complexity of growth within individual
species. Nevertheless, as explained below, decades of investigations have sug-
gested that the growth hormone (GH)-insulin-like growth factor (IGF) axis
plays a predominant role in both intrauterine and postnatal growth [3].

What Causes Animals to Grow?

Attainment of the complex growth pattern described above requires the
interaction of multiple hormones and growth factors, which must be gen-
erated in a timely fashion relative to the life cycle and which, in general,
interact with one another, rather than working in isolation. Despite this
complexity, over the last 50 years, it has become increasingly apparent that
the IGF's play a central role in both intrauterine and postnatal growth. The
original observation by Salmon and Daughaday [4] in 1957 showed that: (1)
the addition of normal serum to rat cartilage stimulated the incorporation of
radioactive inorganic sulfate into acid mucopolysaccharides; (2) serum from
hypophysectomized rats could not duplicate this effect, unless the rats had
first been treated in vivo with GH; and (3) addition of GH, itself, to the carti-
lage medium could not stimulate sulfate incorporation. In subsequent studies,
this GH-stimulated factor(s) was also found to enhance the incorporation of
leucine into protein-polysaccharide complexes, uridine into RNA and thymi-
dine into DNA [5]. The authors concluded that GH, while not able to directly
mediate cellular growth, itself, must stimulate the production of a ‘sulfation
factor’, which then enhanced chondrocyte growth and metabolism.

By 1972, proteins which had been initially designated sulfation factor, mul-
tiplication-stimulating activity, and nonsuppressible insulin-like activity were
found to be related and were renamed ‘somatomedins’ [6]. With the eluci-
dation of the amino acid sequences of two of these proteins and discovery
of their close structural relationship to insulin, the term somatomedin was
replaced by IGF-I and -II [7].

IGF Structure

IGF-I is a basic peptide of 70 amino acids, while IGF-II is a slightly acidic
peptide of 67 amino acids [7]. The two peptides share 45 of 73 possible amino
acid positions, and have approximately 50% amino acid homology to insulin.
Like insulin, both IGFs have A and B chains connected by disulfide bonds.
The connecting C-peptide region is 12 amino acids long for IGF-I and 8 amino
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acids for IGF-II; neither IGF C-peptide bears any homology with the C-peptide
region of proinsulin. IGF-I and -II also differ from proinsulin in possessing
carboxy-terminal extensions, or D-peptides, of 8 and 6 amino acids, respec-
tively. This structural similarity explains the ability of both IGFs to bind to
the insulin receptor and of insulin to bind to the type I IGF receptor, thereby
explaining the ‘insulin-like’ activity of the IGFs, as well as the growth-promot-
ing ability of insulin. Structural differences between insulin and the IGFs, on
the other hand, probably also explain the failure of insulin to bind with high
affinity to the IGF-binding proteins (IGFBPs).

GH appears to be the primary regulator of IGF-I gene transcription, which
begins as early as 30 min after intraperitoneal injection of GH into hypophy-
sectomized rats. It is critical to note, however, that IGF production in utero is
essentially GH independent, and that GH regulation of IGF-I synthesis does
not appear to become a factor until very late gestation, at the earliest. Thus,
children with congenital GH deficiency or GH insensitivity are essentially nor-
mal size at birth. The factors that regulate IGF-I synthesis in the fetus remain
to be elucidated, but it is likely that placental viability, fetal nutrition and
insulin production all play roles.

As discussed in more detail below, it now appears that signal transducer
and activator of transcription (STAT) 5b is the most critical mediator of
GH-induced activation of IGF-I gene transcription, an observation under-
scored by studies involving target disruption of the STAT5b gene in mouse
models [8] and by the reports of patients with severe GH insensitivity associ-
ated with homozygosity for mutations of the STAT5b gene [9, 10]. Two adja-
cent STAT5 binding sites have been identified in the second intron of the rat
IGF-I gene, within a region previously identified as undergoing acute changes
in chromatin structure after GH treatment [11].

The factors involved in the regulation of IGF-II gene expression are less
clear and, indeed, the role of IGF-II is still uncertain, especially postnatally. As
discussed below, knockout studies have confirmed the importance of IGF-II in
fetal growth, but its role in postnatal life is far less clear. In humans and rats,
IGF-II gene expression is high in fetal life, having been detected as early as
the blastocyst stage in mice. In general, fetal tissues have high IGF-II mRNA
levels that decline postnatally, although brain IGF-II mRNA remains high in
the adult rat.

Targeted Disruption of the IGF Genes

Our understanding of the role of the IGF axis in fetal and postnatal growth
was strongly supported by a series of studies involving IGF and IGF receptor
null mutations [12]. Previous studies had shown that knockouts of either GH
or the GH receptor genes resulted in little change in birth size, confirming the
minimal role of GH in fetal growth. On the other hand, mice with knockouts of

228



Endocrinology of Growth

the gene for either IGF-I or IGF-II were found to have birthweights approxi-
mately 60% of normal. Mouse mutants lacking both IGF-I and the GH recep-
tor are only 17% of normal size. These observations and others indicated that:
(1) both IGF-I and IGF-II are important embryonic and fetal growth factors;
(2) IGF-I plays a critical role in postnatal growth; and (3) GH, itself, does have
some modest, apparently IGF-independent role as well. Growth delay began
on day ell for IGF-II knockouts and on day e13.5 for IGF-I knockouts. Those
mice with IGF-I gene disruptions who survived the immediate neonatal period
continued to have growth failure postnatally, with weights 30% of normal by
2 months of age. Indeed, postnatal growth was poorer than that observed in
mice with GH-R, GHRH receptor mutations or pit-1 mutations, indicating that
both GH-dependent and GH-independent factors are necessary for normal
growth. When the genes for both IGF-I and IGF-II were disrupted, weight at
birth was only 30% of normal, and all animals died shortly after birth, appar-
ently from respiratory insufficiency secondary to muscular hypoplasia.

These experimental observations in mice have been paralleled by human
mutational analysis. It had, for example, long been known that children with
GH gene deletions or with mutations or deletions of the GH receptor gene
were near normal size at birth, but had severe postnatal growth retardation
[13, 14]. When the first case of a human IGF-I gene deletion was reported, the
patient was found to exhibit a prenatal and postnatal growth pattern similar
to that observed in the mouse knockouts [15], and this was further confirmed
in a more recent report of a bioinactive IGF-I molecule, resulting from a mis-
sense mutation [16].

Challenges to the fundamental model of the IGF system resulted from
studies employing specific ablation of hepatic IGF-I production through the
Cre/loxP recombination system [17]. These investigations confirmed that the
liver is the principal source of circulating IGF-I, but also demonstrated that
an 80% lowering of serum IGF-I levels had no apparent effect on postnatal
growth, thereby suggesting that postnatal growth was relatively independent
of hepatic IGF-I production. One must presume, consequently, that either
local (paracrine) chondrocyte production of IGF-I or other tissues (?adipose)
was sufficient to maintain adequate production of IGF-I to account for growth
preservation, or, alternatively, that free IGF-I levels remained within the nor-
mal range as a result of the reciprocal increase in GH production, as well as the
lowering of serum IGFBPs. Supportive data for the predominant role in growth
of locally produced IGF-I are the only modest decrement of postnatal growth
seen in acid-labile subunit (ALS, part of the IGFBP system) null mice [18].

In subsequent studies involving the crossing of liver-derived IGF-I gene-
deleted mice (LID) with ALS gene-deleted mice (ALSKO), an 85-90% reduc-
tion in serum IGF-I was achieved, and, in this case, early postnatal growth
retardation was observed [19]. These findings suggest that postnatal growth
is dependent upon both endocrine (i.e. hepatic) and tissue IGF-I, although
definite conclusions are problematic in the face of the elevated GH produc-
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tion and perturbations of the IGFBP system observed in these studies. What
seems most likely, when the totality of these studies is evaluated, is that both
endocrine and autocrine/paracrine IGF plays a role in growth [20, 21].

Knockout of the gene for the type 1 IGF receptor resulted in birth-
weights 45% of normal and 100% neonatal lethality. Abuzzahab et al. [22]
have reported 2 patients with intrauterine growth retardation and postnatal
growth failure, despite elevated serum IGF-I concentrations One patient was
a compound heterozygote for point mutations in exon 2 of the IGF-1R gene,
leading to decreased receptor affinity for IGF-I, while the second had a non-
sense mutation of one allele, resulting in reduced numbers of IGF-1 receptors.
More recently, fetal and postnatal growth retardation have been observed in
a number of patients heterozygous for one mutation of the IGF1R gene. In
mice, concurrent knockout of genes for IGF-I and the type 1 IGF receptor
resulted in no further reduction in birth size (45% of normal), consistent with
the concept that all IGF-I actions in fetal life are mediated through this recep-
tor. On the other hand, simultaneous knockout of the genes for IGF-II and
the type 1 IGF receptor resulted in further reduction of birth size to 30% of
normal (as with simultaneous knockouts of IGF-I and IGF-II); this raises the
possibility that some of the fetal anabolic actions of IGF-II are mediated by a
secondary mechanism (perhaps, placental growth or IGF-II interactions with
the insulin receptor). Whatever the pathway may prove to be, it does not
appear to involve the type 2 IGF receptor, since knockout of this paternally
imprinted gene results in an increased birthweight, but death in late gestation
or at birth. Since this receptor normally degrades IGF-II, increased growth
presumably reflects excess IGF-II acting through the IGF-I receptor.

Several conclusions can be drawn from these studies: (1) IGF-I plays a
critical role in both fetal and postnatal growth; (2) IGF-II is a major fetal
growth factor, but has little, if any, role in postnatal growth; (3) the type 1
IGF receptor mediates anabolic actions of both IGF-I and IGF-II; (4) the type
2 IGF receptor is bifunctional, serving to both target lysosomal enzymes and
to enhance IGF-II turnover; (5) IGF-I production is involved in normal fertil-
ity; (6) placental growth is only impaired with IGF-II knockouts; (7) GH and
the GHR play little role in prenatal growth; (8) IGF-I is the major mediator of
GH’s effects on postnatal growth, although GH and the GHR may have a small
IGF-independent effect. Whether these studies in mice are fully applicable
to humans is yet unknown, although much has been learned in recent years
from rare cases of human mutations of critical genes of the GH-IGF' axis.

GH Receptor
The coding and 3'-untranslated regions of the human GH-R are encoded
by nine exons, numbered 2-10 [23]. Exons 3-7 encode the extracellular,

GH-binding domain. Examination of the crystal structure of the GH-GH-R
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complex revealed that the complex consisted of one molecule of GH bound to
two GH-R molecules, initially suggesting that GH induced receptor dimeriza-
tion as a necessary step in its action. Recent studies, however, have indicated
that the receptor may be constitutively dimerized, and that receptor activa-
tion involves a GH-induced conformational change [24].

Although it was originally suspected that the GH receptor might be capable
of autophosphorylation, it is now apparent that the GHR must recruit a cyto-
plasmic tyrosine kinase, as the receptor, itself, lacks intrinsic kinase activity.
JAK?2 (Janus kinase 2) has been identified as the critical GH receptor-associ-
ated tyrosine kinase; loss of ability of the GHR to bind JAK2 results in loss of
GH-induced GHR signaling. Recruitment and/or activation of JAK2 molecules
by the GHR promotes their enzymic activity via cross-phosphorylation, and the
active kinases then phosphorylate tyrosines on the intracellular portion of the
GHR, itself, thereby providing docking sites for critical intermediary proteins,
such as the STATSs (signal transducers and activators of transcription). There
are seven known mammalian STATs; of these, STAT5b appears to be most
centrally involved in mediating the growth-promoting actions of the GHR, as
indicated by several gene disruption studies in rodent models [8]. The reports
of the seven cases of homozygous human STAT5b mutations, presenting with
severe growth failure and GH resistance, have further substantiated the criti-
cal intermediary role of STAT5b in GH regulation of IGF-I gene transcription
and growth [9, 10]. The STAT proteins dock, via their src-homology-2 (SH2)
domain, to phosphotyrosines on ligand-activated receptors, such as the GHR,
and are subsequently phosphorylated on single tyrosines at the C-terminus of
the protein, dimerize, translocate to the nucleus, bind to DNA through their
DNA-binding domain, and in turn regulate gene transcription.

IGF Deficiency

Given the central role of the IGF system in both intrauterine and postna-
tal growth, assessment of patients with otherwise unexplained growth failure
requires an evaluation of the IGF axis [25]. By analogy with other endocrine
systems, IGF deficiency (IGFD) has been divided into secondary etiologies (i.e.
IGFD resulting from disorders of GH production, at either the hypothalamic or
the pituitary level) and primary forms (i.e. IGFD despite normal GH produc-
tion). Primary IGFD was first identified in the 1960s in patients who ultimately
proved to have GH insensitivity resulting from mutations or deletions of the GH
receptor gene [14]. Over the last decade, however, multiple other molecular eti-
ologies (table 1) have been identified, including defects in the post-GH recep-
tor signaling cascade (STAT5Db) [9, 10], mutations and deletions of the IGF-I
gene [15, 16], mutations in genes encoding IGFBPs [26, 27], and mutations in
genes for the IGF-I receptor (the latter actually represents a form of IGF resis-
tance) [22]. Molecular analysis of such patients has proven to be invaluable,
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Table 1. Molecular defects resulting in primary IGFD

GH receptor abnormalities

Mutations/deletions of GHR affecting the extracellular domain of the GH receptor
and resulting in decreased GH binding

Mutations/deletions of GHR affecting the ability of the GHR to dimerize

Mutations/deletions of GHR affecting the transmembrane domain of the receptor and
resulting in defective anchoring in the cell membrane

Mutations/deletions of GHR affecting the intracellular domain and signaling

Post-GHR signaling defects

Mutations of STAT5b resulting in defective or absent GH signal transduction

Mutations/deletions of IGF-1

Deletions of IGF-1

Mutations of IGF-1 resulting in bioinactive IGF-1

Defects of IGF-1 transport and/or clearance

Mutations/deletions of ALSIGF, resulting in defective IGF-1 transport and rapid
IGF-1 clearance

IGF-1 resistance

Mutations of IGF'IR, resulting in decreased sensitivity to IGF-1

as specific genotypes predict specific phenotypes. For example, patients with
primary IGFD resulting from defects of the GH receptor or STAT5b genes have
normal birth size, but severe postnatal growth failure, while patients with IGF-I
gene defects also have intrauterine growth retardation, microcephaly, develop-
mental delay, and variable hearing deficits. These features reflect the relative
roles of GH and IGF-I in prenatal and postnatal growth.

Therapeutic Implications

For decades, therapy for growth disorders was dominated by GH, first
a human cadaver-derived form and then, beginning in the mid 1980s, in a
recombinant DNA-derived form. GH remains the treatment of choice for
patients with secondary IGFD, as daily dosing allows replacement of deficient
pituitary production of GH and adequately stimulates IGF-I synthesis. The
market for GH has greatly expanded, however, to include a wide variety of
disorders characterized by short stature, but normal GH production, includ-
ing such conditions as Turner syndrome, chronic renal failure, Noonan syn-
drome, small for gestational age infants with failed catch-up growth, and a
heterogeneous group of conditions lumped under the heading of ‘idiopathic
short stature’. In general, children with these conditions do appear to respond
to pharmacological dosages of GH, although growth acceleration generally is
not as good as in replacement therapy of GH deficiency.
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IGF-I therapy for patients with primary IGFD was first tested in the 1990s,
primarily in patients with GH receptor defects. Growth acceleration was
observed and sustained in most of these patients, although, in general, the
growth response was not quite as good as observed in patients receiving GH
replacement therapy for GH deficiency. The total explanation for this dis-
crepancy remains unclear, but probably involves the failure of systemic IGF-I
administration to fully replace local IGF production, especially at the epiphy-
seal growth plates. Nevertheless, IGF-I remains the treatment of choice for
patients with defects at the level of the GH receptor, the JAK-STAT system
and the IGF-I gene [28].

Both the FDA and the European authorities have now approved IGF-I ther-
apy for treatment of children with short stature and ‘severe primary IGFD’,
defined as a height below -3 SD, normal GH, and a serum IGF-I below -3 SD
(USA) or below —2.5 percentile (Europe). Clinical trials will be necessary to
determine whether optimal treatment for such patients and, especially, for
less severe forms of IGFD, should be with GH, IGF-I, or, possibly, a combina-
tion of GH plus IGF-I.
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Discussion

Dr. Gillman: Two questions, what’s known about IGF-II in the human, both pre-
natal and postnatal growth; the second question is you have talked a lot about genetic
determinants of linear growth, what about epigenetic determinants?

Dr. Rosenfeld: Actually, you can combine both of those questions in a sense, as
you probably know. IGF-II is a mystery. We know from animal knockout studies that it
is involved in rodent fetal growth, it’s not involved in rodent postnatal growth. There
are to date no published reports of IGF-II mutations or gene deletions, but IGF-II is
an imprinted gene and the expression depends upon various methylation processes.
There is now a growing body of literature to suggest that variation in methylation of
IGF-II can be responsible for much of intrauterine growth retardation. There are a
number of studies primarily from France now that suggest that what people might
have called Silver-Russell dwarfism or some variation of intrauterine growth retarda-
tion may be explained in about 70% of cases by variations in methylation of IGF-II. So
I think we should be paying more and more attention to IGF-II and to epigenetic pro-
cesses that regulate IGF-II gene expression as determinants of fetal growth. In terms
of epigenetics of IGF-I, to some extent we have been discussing this over the last
few days. We have heard yesterday and today about variations in serum IGF-I levels
dependent upon breastfeeding versus formula feeding. Probably a simplistic way one
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might say that various dietary compositions are going to epigenetically regulate IGF-I
gene expression and that may be one of the mechanisms by which different formulas
or breastfeeding impact neonatal growth. So I think that’s a critical question, thank
you for mentioning it.

Dr. Domelldf: As a neonatologist, I am interested in small preterms. We know that
they have postnatal growth failure, we know that they have low IGF-I concentrations
and we know that IGF-I is responsive to protein supply. Is there anything more known
about nongrowth hormone factors promoting IGF-I secretion?

Dr. Rosenfeld: Growth hormone as I mentioned must bind to its transmembrane
receptor. It has multiple signaling pathways once it binds to the receptor including
MAP kinase, etc. It’s believed that the JAK-STAT, STAT5b pathway is the major if
not the only pathway through which growth hormone regulates IGF-I, but the other
pathways distal to the growth hormone receptor are probably responsible for many
of the metabolic actions of growth hormone. In my simplistic model, growth hormone
binds to the receptor, activates the JAK STAT system which activates IGF-I but also
activates other pathways which are responsible for the lipolytic diabetogenic roles of
growth hormone. It may well be that one of the reasons why we see growth failure
in patients with severe nutritional deprivation is that there is an uncoupling of this
pathway. For example, children with severe malnutrition typically have very low IGF-I
levels, whereas growth hormone levels may be normal or even increased presumably
because of this uncoupling.

Dr. Domelldf: But if we regard growth in these extremely preterm infants as simi-
lar to fetal growth, which is not regulated by growth hormone, it must be regulated by
some other factors that influence IGF-I.

Dr. Rosenfeld: You are asking what regulates IGF-I in utero? Is that the question?
I wish I knew. It’s probably not a pituitary hormone, it probably is directly related to
fetal nutrition and placental sufficiency; whether it’s a direct effect of fetal nutrition
on IGF or perhaps mediated by fetal insulin production in utero as a response to nutri-
tion, that’s not known. The other interesting question is what is it at birth that sud-
denly turns on growth hormone dependency of IGF, that’s also not known. So those
are both very interesting questions in which research needs to be done.

Dr. Batubara: Is it true that IGF-II is more important than IGF-I prenatally? And
the second question, when do we begin to suspect a gene defect in children with
growth failure?

Dr: Rosenfeld: When we first started doing this, not very many years ago, we really
only analyzed children with very severe growth failure, -4, -5, —6 standard deviations.
But as we gained more experience, we began to appreciate that we could find genetic
molecular abnormalities in children with milder height defects. It’s hard for me there-
fore to give you a simple answer. I would say that if you have an extremely strong
family history of growth failure over multiple generations, that is suggestive. Or if you
have a family where everybody has a normal stature and this one child stands out from
everybody else, that also is suggestive. If we measure IGF-I and the IGF-I level is very
low, that is suggestive to us. Unfortunately, I don’t have any firm rules to say this is a
child that requires evaluation, this is a child that does not; we are really just beginning
to appreciate it. Certainly the shorter the child, the lower the IGF-I, the more likely
we are to find a molecular defect in the growth hormone IGF axis, but there is no clear
dividing line.

Dr. Batubara: What about the role of IGF-I prenatally?

Dr. Rosenfeld: In utero it appears that both IGF-I and IGF-II are essential; postna-
tally, probably just IGF-I.

Dr. Sutomo: 1am very interested in the analysis of the gene responsible for growth
failure. Which is the most common one that you found in your cases?
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Dr. Rosenfeld: The growth hormone receptor gene by far, over 300 cases now in
the world, and really all over the world there are in fact several cases, in Malaysia as
well.

Dr. Sutomo: Has a specific mutation been found in that gene?

Dr. Rosenfeld: 1t has been found. It was originally reported in the Mediterranean
region, actually originally in Israel, but we now know that these mutations are found
all over the world. They're particularly prevalent in inbred populations as is often the
case for autosomal recessive disorders. You should suspect it if you have a child who
has a normal size at birth, severe postnatal growth failure, very low IGF-I with normal
or elevated growth hormone. If you see that, then you should be suspicious of that
possibility.

Dr. Hiippi: 1 have a question regarding the preterm infant and the abnormalities
in brain development that might be related to changes in IGF. Do you have data that
show to what extent the preterm infant switches to the growth hormone-inducing IGF
immediately after birth or postconceptionally?

Dr. Rosenfeld: As far as I can tell there are no definitive data. The suggestion is
that actually growth hormone dependency begins immediately before birth rather than
right after birth, but I am not sure how firm those data are. The developmental abnor-
malities have not been seen in patients with growth hormone deficiency or growth
hormone receptor deficiency. They have been seen in patients with IGF-I gene defects
or IGF-I receptor defects, suggesting that IGF in a growth hormone-independent man-
ner is responsible for some neural development in utero.

Dr. Hiuippi: To what extent is the phenotypic expression of mental retardation
linked to the gene product? Do you see mental retardation more in a homozygous or
mixed heterozygous expression?

Dr. Rosenfeld: The three IGF-I cases that have been studied were all homozygous,
and they were the ones with the most severe neurological handicap. The IGF-I recep-
tor defects, as I mentioned, were all heterozygous except for one case that was a mild
compound heterozygous. They have milder neurological impairment, so it probably is
a quantitative process.

Dr. Lucas: About 50 human studies and quite a large number of animal experi-
ments now show that rapid early growth programs long-term cardiovascular disease
and obesity risk, and there is a search for the coupling mechanism that links this early
growth event to its long-term effects. IGF-I has been reported to be potentially part of
that coupling mechanism, also potentially for cancer as well. You may feel this is sort
of outside your brief here, but as someone interested in IGF-I do you have any views
on how this can actually operate?

Dr. Rosenfeld: 1 think it’s a very important question, obviously it’s an area of very
active research. We know from multiple different animal models that mice and rats
that are congenitally growth hormone deficient or have congenital IGF deficiency or
IGF receptor deficiency live longer, and we are talking about 25-30% longer, so it’s
not a trivial difference. It has been suggested that perhaps a unifying mechanism for
the Barker hypothesis is that whatever the ideology of it is, whether it’s the combina-
tion of intrauterine growth retardation and rapid postnatal growth, IGF is the linch-
pin. Perhaps given the setting of intrauterine growth retardation, overfeeding, rapid
growth in early life, you turn on the IGF-I gene expression overabundantly and that
then leads to long-term metabolic consequences as part of the Barker hypothesis. To
complicate the matter even further, as you suggested, there are epidemiological data
to suggest that humans who have IGF-I levels in the upper part of the normal range
have a 2- to 3-fold greater incidence of certain cancers such as prostate cancer, pre-
menopausal breast cancer, colon cancer than the individuals who have IGF-I levels in
the lower part of the normal range. Not all studies find this, it’s still a controversial
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area, but as you suggested there is great interest in the possibility that IGF-I is impli-
cated in both long-term metabolic disease on the one hand and cancer on the other, so
obviously an important area.

Dr. Moelgaard: We have just published data on IGF-I levels in children at 9 months
in relation to their IGF-I levels at 17 years, and there is a clear inverse relation. The
highest levels are found early and the lowest when they are 17.

Dr. Rosenfeld: That’s very interesting. There are even data from Sweden to sug-
gest that taller people have higher IGF-I levels and have a higher risk of cancer than
shorter people with lower IGF-I. On the other hand, there are also epidemiological
data to suggest that low IGF-I is associated with cerebrovascular disease so I think the
bottom line is you are going to die of something whether your IGF-I is low or high.

Dr. Gillman: Can I follow up on Alan’s question because I am totally confused
now. First of all, can you distinguish between linear growth and adiposity with regard
to IGF-I because my preconceived notion is that there is early growth in infancy that’s
related to later obesity and cardiovascular disease, that is growth in adiposity rather
than linear growth, maybe that’s not true. Secondly, what about the components
of linear growth, specifically leg length, long bones vs. trunk, because even though
taller stature is related to blood pressure specifically, especially in kids, leg length is
inversely related to blood pressure, so IGF, linear growth, adiposity, components of
linear growth, put it all together please.

Dr. Rosenfeld: 1 think those are very important reservations and of course we all
know that association is not the same thing as causality and so it becomes very com-
plicated in situations like this to know whether changes in IGF levels are just innocent
bystanders or cause and effectors, I agree.
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Concluding Remarks

It’s my job to summarize the first day and also to try and resolve some of the
difficult areas and confusions that have arisen during that day of discussion.

You will recall that in my introductory piece I pointed out a new dimension
in the field of early growth and that is it’s critical role in lifelong health, the
idea that early growth was in a pivotal position in terms of the early origins of
obesity, cardiovascular disease, cognitive development, cancer, and in animals
lifespan and senescence. We identified that central to this idea that early
growth has long-term effects is the broader biological process of program-
ming. We also identified a number of programming agents such as visual
inputs, hormones, drugs, nutrition and growth. Just taking two of these you
can see that drugs and growth must have really quite fundamental effects on
the organism to have so many and such diverse downstream effects including
effects on the brain, metabolism, morbidity, of course cardiovascular disease
and obesity, in this category cancer and lifespan. When it comes to program-
ming by early nutrition and growth of later health, we considered in our ses-
sion methodological approaches. In fact, the first studies in this field were in
animals and animal research remains important because we can use an exper-
imental design, we can do diverse interventions, some of which are impossible
in humans, we can explore mechanisms and we can do lifetime studies. But
when it comes to exploring programming effects of early nutrition and growth
in humans, we have two basic approaches. We can do observational studies
and, if these are retrospective, we get very rapid results, and we can study
real endpoints like ischemic heart disease. The problem is that it is more dif-
ficult to prove causation with observational studies than with an experimental
design. We can also do experimental studies in humans based on the pharma-
ceutical trial model, randomly assigning babies to diet and looking for efficacy
and safety. Now the problem with experimental studies is that they are expen-
sive, they take a long time to do and lifetime follow-up is obviously impossible
and so we need surrogate markers. Still, the great advantage is that we can
prove the cause and we can use the data to underpin practice, and as I pointed
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out in my introduction just in our center we have 27 trials now showing long-
term programming of cardiovascular disease risk, brain development, bone
health and allergy, some with prospective follow-up into adulthood, so those
studies are actually feasible. But the consensus was that the way forward in
programming research is to achieve the benefits of all of these approaches by
a combination of animal experiments, human observations and randomized
trials, and you’ll have noticed that the selection of speakers on the first day
was designed to reflect those different approaches. The main topic of the first
day was the nutritional programming of cardiovascular disease and obesity.
Underlying this was a constant theme, and that is that a high plane of nutri-
tion resulted in faster growth that triggered the programming event that
resulted downstream in increased cardiovascular risk and obesity. The idea
that fast growth should have an adverse consequence is not a new one in biol-
ogy. In fact, at least two of the speakers noted that fast early growth is of a
long-term health cost in numerous other animal species. For the animal stud-
ies in this section, we had two speakers, Susan Ozanne and Sébastien
Bouret, and I want to start with Susan Ozanne from Cambridge, UK. She
presented us with evidence for adverse effects of rapid early growth or what
we might call catch-up growth. She found that nutritionally induced intra-
uterine growth retardation followed by accelerated growth decreases longev-
ity by as much as 50% in animal models. She also found that this nutritionally
induced intrauterine growth retardation followed by accelerated growth
resulted in diet-induced obesity in later life, perhaps through an appetite
mechanism, in adiposity, in telomere shortening, which is a measure of aging
or senescence, and oxidative damage. The other side of this was that she also
demonstrated to us in animal models a beneficial effect of slower early post-
natal growth. So nutritionally induced slow growth during lactation was found
to increase longevity in laboratory rodents and this same intervention
decreased later food intake again, probably through an appetite mechanism,
decreased adiposity and decreased telomere shortening, in other words signs
of senescence, and it increased favorably antioxidant defense capacity. So
animal models showed that rapid early growth has deleterious effects and
slow postnatal growth has a variety of beneficial effects. Sébastien Bouret
provided us with perhaps part of the important mechanism involved here.
What he did was to look at early growth, leptin and the development of parts
of the brain related to appetite. What he pointed out was that what he called
brain feeding circuits are still relatively immature at birth and that leptin pro-
motes formation of brain circuits that will regulate feeding and appetite in
later life. He noted that the neurodevelopmental actions of leptin appeared
restricted to a brief critical neonatal period. He also pointed out to us that
both postnatal under- and overnutrition influences postnatal leptin levels,
and this has enduring consequences on hypothalamic neurodevelopment.
And with regard to the postnatal growth acceleration concept, he noted that
rapid early growth results in abnormal brain wiring which could increase
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appetite and metabolic disregulation later in life. In other words, part of the
mechanism by which early growth or rapid growth induces long-term effects
could be through the leptin mechanism by changing the brain and regulating
subsequent appetite. Matthew Gillman from the USA talked about the early
origins of obesity in the West using observational study models. He pointed
out that the current epidemic of obesity has affected even the youngest of
children, even in the first months of life, and that human observational stud-
ies and randomized trial follow-ups have shown that rapid weight gain in the
first 6 months predicts later adiposity in humans. In giving us examples, he
pointed out that in one US study two upward centile crossings in the first 6
months predicts obesity at age 5 years, and he noted that SGA infants who
gain weight rapidly have worse metabolic indices at follow-up. However, Prof.
Gillman argued that to put this into public health practice needs data on the
quality of growth, on the developing world, which I will come back to in a
moment, and on modifiable determinants of adiposity as a basis for future
intervention trials. Nevertheless, he pointed out that based on evidence to
date babies born small should not receive enriched diets to promote rapid
weight gain. Atul Singhal looked at the early origins of cardiovascular dis-
ease and obesity now based on randomized trials. He spent some time actu-
ally discussing the postnatal growth acceleration concept. Prof. Singhal was
important in framing this concept which is implicit in the previous studies and
presentations that I have been talking about, the idea that rapid early postna-
tal growth increases the risk of later cardiovascular disease and obesity. He
presented data from randomized intervention trials in humans and pointed
out that these were paralleled by equivalent studies in animals. He also noted
that there are around 40 studies based on observations that now show greater
cardiovascular disease and obesity risk after accelerated early growth in
healthy full-term infants. In fact, we know here someone who has done a very
detailed review of the literature and has actually found 50 studies showing
this phenomenon. Prof. Singhal showed us as an example a trial in small but
healthy full-term infants who were randomly assigned to a standard vs. an
enriched formula with 30% more protein to stimulate catch-up growth, and at
8 years follow-up those fed the growth-promoting diet in infancy had a worse
cardiovascular disease risk factor, particularly higher blood pressure at that
time. Based on this, he came to a similar conclusion to Matthew Gillman that
contrary to previous opinion rapid growth promotion in small but healthy full-
term infants appears to be inadvisable. He also pointed out that environment
is extremely important for the manifestation of programming effects. For
instance, in the developing world with poor nutrient intake the programming
effects that had occurred prior to this might not then manifest in adult life.
We came to a consensus position then that fast early growth programmed a
cascade of adverse effects including blood pressure, insulin resistance, fat-
ness, raised LDL cholesterol and inflammatory markers with downstream
effects on atherosclerosis and morbidity. This is only a model at the present
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stage, but there is a lot of evidence now to support that construct. However,
we also need to balance the long-term gain of slower earlier growth against
any short-term risks, and because of that Linda Adair was invited from the
US to talk to us about the short-term aspects of growth in developing coun-
tries. She pointed out that in developing countries poor growth as manifested
by weight, height or weight-for-height, z scores remains highly prevalent. The
associations with poor growth include impaired immune function, increased
incidence, severity and duration of infectious diseases, especially diarrhea
and pneumonia, and increased mortality in the under-5-year age group, par-
ticularly from infection. She noted that growth promotion to achieve recovery
of a normal growth trajectory is critical in developing countries to promote
short-term health and survival. Linda Adair recognized that there is a
tradeoff between the long- and the short-term effects of rapid early growth
and that different messages are needed for different groups of children. She
also advised caution to avoid spillover of messages about slow growth for
well-nourished children in optimal environment to those in suboptimal envi-
ronment. So what is the best practice then, bearing in mind that slow early
growth reduces later cardiovascular disease risk and obesity but in high-risk
populations slow growth has adverse short-term effects. Our proposed plan of
action that arose during our discussions on the first day was based on a bal-
ance of these risks. It was suggested that we should ignore programming and
promote short-term growth in three groups, malnourished and at risk groups,
preterm infants and extremely growth-retarded or sick infants. In malnour-
ished and at risk groups, we agreed that short-term growth promotion, which
reduces morbidity and mortality, is a priority. Premature babies also need
good nutrition for short-term morbidity prevention, and also fast early growth
in this group greatly improves or programs long-term cognitive function. In
sick or extremely growth retarded babies, we also need to put in nutritional
rescue because these babies may have poor brain growth, and they may have
specific nutritional deficiencies. However, in well small term infants at low
risk, there may be a disadvantage to rapid early growth, and so we have two
potential recommendations here. Firstly, that we should feed them normally,
that is breastfeed them or, if necessary, formula feed them with a regular for-
mula and do not actively promote faster growth with specialized products,
because this has been shown to increase later cardiovascular disease profile.
The second point is that in these infants we should at the present time accept
catch-up growth if it occurs spontaneously because although this is associ-
ated with adverse outcome there are no studies as yet to support suppressing
catch-up growth. But it was recognized that there are grey areas, so balancing
the long-term gain of slower earlier growth against any short-term risk really
needs professional judgment. [ would like to end up by saying that there are
many unanswered questions in the sessions that we had in a very interesting
first day, but I think there was some general agreement that early nutrition
and postnatal growth are emerging as important factors for later cardiovascu-
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lar disease and obesity risk that can potentially be manipulated in future clin-
ical practice.
Alan Lucas

It’'s my pleasure to summarize the second session, which was focused
on growth and neurological development. We were amiably moderated by
Dr. Hussain and Dr. Cheah yesterday and D». Zulkifle this morning. Dr
Martorell summarized very nicely for us the interrelationship between
growth and development in disadvantaged countries and developing com-
munities. Dv. Richard Cooke focused mostly on premature babies and Dr
Hrippr extended that to consider the more high-tech aspects of growth and
development of the brain. D». Domelldf and I talked about the specifics of
micronutrient supplements. Drv. Martorell clearly identified gestation and
the first 2 years of life as the window of vulnerability and showed us stud-
ies that related low birthweight, low weight gain in the first 2 years of life
as well as stunting to all be associated with fewer years of schooling, the
increased likelihood of failing a grade at school and reduced annual income
even after adjustment for confounding variables like socioeconomic status
and maternal education. He summarized by showing the interrelationship
between stunting as a measure of cumulative growth failure and poverty.
He described the cyclical nature of the relationship and highlighted that
cumulative growth failure really has a true impact on societies in develop-
ing countries in terms of economic outcome, and postulated that achieving
good growth will be important in breaking the poverty cycle. Indeed the
Copenhagen consensus has recognized this, and of the ten most important
solutions for improving global outcomes prevention of malnutrition is noted
in three of them. Moving to growth and development in the preterm infants,
Dr. Cooke suggested that a critical period of brain growth for preterm infants
occurs between day 28 of life and the first 2-3 months of age. He showed
that dietary intervention after hospital discharge might improve growth,
but this was not paralleled by better development. However, neurocogni-
tive development was poor in boys fed a term infant formula compared with
girls. Dr. Cooke also showed us that accelerated growth in preterm infants
fed a nutrient-enriched discharge formula was not associated with increases
in adiposity but in fact was associated with increased linear growth and
lean body mass, which was considered to be a good outcome for these chil-
dren. Dr». Hiippt used state-of-the-art imaging techniques to help us further
understand brain growth and development, and showed that brain volume
and cortical volume were both related to neurodevelopmental outcomes and
that brain volume was not only influenced by postnatal factors but was also
influenced by the volume of the brain at birth. The two examples of postna-
tal factors were nutrition in terms of protein having a positive impact and
the use of glucocorticoids having a negative impact. She also noted that
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IUGR babies are the ones that are most at risk. Moving to the more specific
supplementation, D». Domelldf presented a very balanced review about iron
supplementation and its effects on growth development. He showed that in
regions where iron deficiency is prevalent, widespread supplementation is
useful for the prevention of iron deficiency anemia, enhancing neurodevel-
opment and possibly enhancing growth. However, in regions where iron is
replete, there were possible reductions in neurodevelopment, poorer growth
and increased infection, and widespread supplementation was not recom-
mended. In regions with malaria, widespread iron supplementation has been
shown to cause increased morbidity and mortality and there was a vigorous
discussion as to the approach forward. Supplementation of formulas with
LCPUFA for both term and preterm infants does not appear to affect growth
in the 1st year of life at the doses that have been used and tested. The
potential benefit of LCPUFA supplementation in infants born healthy and at
term is likely to be limited, whereas supplementation for preterm infants is
likely to have a modest positive effect on neural development; however, the
dose and timing require further investigation. There is an emerging area of
research with regard to pregnancy supplementation.

Maria Makrides

Stef van Buuren gave us a very nice review of the study that led to the
new WHO growth standards. He presented some details I wasn’t aware of,
and using data from a large growth study in Holland that he analyzed with
regard to the effects of selective dropout, he made the plausible case that
selective dropout explains at least part of the high weight that we see in the
WHO growth standards during the first 6 months of life. I and others try to
understand what the cause is and to understand the implications. The argu-
ment that at least part of it is due to selective dropout convinces me, so I am
grateful for his careful work.

Dr. Ogden from the CDC gave us a detailed description of the sample on
which the CDC charts are based. She also told us about plans to add or to
replace some data in order to correct some shortcomings of the CDC charts.
But the CDC charts have obvious strengths, the biggest of which is that they
are clearly nationally representative of the US. She showed us that the bet-
ter data in the 1st year of life will lead to an increase in weight on average of
about 0.5 kg, which is quite substantial, and in length of 0.5—-1 cm.

I want to thank D7 Lz and congratulate her on this monumental accom-
plishment of generating growth charts for China. Obviously, the sample size
is enormously high, even though it represents only Chinese living in urban
centers, and maybe the next step will be to include some urban areas to make
the charts more representative of the entire Chinese population. It’s a little
bit difficult to judge how the Chinese reference compares to WHO and CDC
because, as you all are now aware, by just superimposing charts it is difficult
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to appreciate how big the differences are, and whether they are important.
But anyway, congratulations on this accomplishment.

Dr. Ellis reviewed with us the methods that we have for measurement of
body composition in infants and children, and he reminded us that the meth-
ods are complex, most of them require expensive machinery and expertise
that are usually not available in the field. Therefore, the frequently heard call
to take body composition into account in assessing nutritional interventions
meets the reality that those methods are only available at some select centers
such as Dr. Ellis’. He also reminded us that BMI is a poor predictor of body
fat and that BMI was never designed for infants, which we tend to forget. The
body volume measurements that are now available with PEA POD are very
accurate but subject to errors due to the degree of hydration. The PEA POD
is currently very popular and the company that makes the PEA POD is very
aggressively marketing the machine. I am glad you didn’t talk more about BIA
because I think the method as far as assessing body composition is far too
inaccurate. But, as Dr. Ellis said, for measurement of body water it would be
an appropriate method. It has the big advantage of being simple and cheap
but that doesn’t make up for the inaccuracy and the lack of specificity.

Finally, Dv. Rosenfeld gave us a splendid overview of the genetics of IGF
and growth hormone and their receptors; that was just wonderful. I think the
most important message that I take away from his talk is that we can never
easily separate normal from abnormal. I think this point was very well made,
and we all know that there is never a sharp line between normal and abnor-
mal. That point was illustrated very well and I thank him for this very elegant
talk. On behalf of my co-chairs I would like to thank all the speakers for their
very excellent and informative presentations. [ would like to thank the discus-
sants and the entire audience for their lively participation.

Ekhard E. Ziegler
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