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Introduction

Both professionals and the public view obesity as one of, if not the, most important public health 
problem of our times and concerns are increasingly focused on childhood obesity. Obesity has been 
included in the international classification of diseases since 1948, since when we have seen an epi-
demic develop internationally affecting all age groups, including children and adolescents (Kipping 
et al. 2008). Whilst, repeat cross-sectional surveys such as the Health Survey for England in the UK 
and the USA National Health and Nutrition Examination Survey show year on year increases in the 
prevalence of overweight and obesity in children aged 2–15 for at least the last 2–3 decades, it is 
unclear whether these represent period or cohort effects (Kipping et al. 2008). A recent study com-
paring two birth cohorts from the UK (one born in 1946 and the other in 1958) found that mean 
birth weight and body mass index (BMI) from childhood to age 20 years were similar, but that by 
mid-adulthood the cohort born in 1958 had on average a greater BMI (1–2 kg/m2 greater), waist 
circumference (6–7 cm) and hip circumference (5 cm) and also a higher prevalence of obesity (25 
vs. 11%) than those born in 1946 (Li et al. 2008). The obesity epidemic in the UK began around the 
late 1970s to early 1980s and the separation of obesity prevalence in the 1958 birth cohort compared 
to those born in 1946 from their early 20s corresponds to a period effect – starting to affect both 
cohorts in the late 70s/early 80s when they were aged mid-20s (1958 cohort) and mid-30s (1946 
cohort) respectively. The large difference in obesity prevalence for these cohorts born just 12 years 
apart illustrates the likely effect on contemporary children who will have higher prevalences of 
obesity from earlier in childhood and potentially more marked differences in adulthood.

Obese children often become obese adults. Childhood obesity increased the risk of adult obesity 
fourfold in men, and 3.2-fold in women in the British 1958 birth cohort, although child to adult BMI 
correlations across the range were modest (Power et  al. 1997). Among contemporary children and 
adolescents, obesity is associated with elevated blood pressure, dyslipidemia, glucose intolerance, 
hyperinsulinemia and greater left ventricular mass (Berenson et al. 1998; Forrester et al. 1996; Law 
et al. 1995; Lawlor et al. 2004; Owen et al. 2003). In a recent large prospective study greater BMI, 
waist circumference and DXA determined fat mass assessed at age 9–12 were all found to be associated 
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with adverse cardiovascular risk factors at age 15–16, with the magnitudes of association for these three 
measurements of adiposity being very similar. These results suggest that in childhood BMI is as good 
a measure of adiposity related future adverse cardiovascular risk factors as is total fat mass or a measure 
of centrally distributed fat (waist circumference) (Lawlor et al. 2010a). Type 2 diabetes, which just 
10 years ago was believed to be a disease of adults only (hence its previous name of “adult onset 
diabetes”) is now increasingly diagnosed in obese children and adolescents (Ehtisham et  al. 2000; 
Fagot-Campagna et al. 2000). Furthermore, higher BMI in childhood and adolescence, from age 7–10 
years and above, is associated with increased future risk of all-cause mortality, cardiovascular disease, 
respiratory disease and some cancers (Baker et al. 2007; Bjorge et al. 2008; Owen et al. 2007). Given 
the evidence that obesity in childhood and adolescence is already associated with adverse metabolic and 
vascular risk factors and is associated with future cardiovascular risk and other adverse outcomes, under-
standing the determinants of childhood obesity is essential to future prevention of these diseases.

This chapter explores current evidence for prenatal and infant determinants of childhood obesity. 
Specifically, we examine the evidence for risk factors that have been proposed to act only or to a 
greater extent during intrauterine development or infancy (defined as the first year of life).

Prenatal Risk Factors for Obesity

Gestational Diabetes or Hyperglycemia and Offspring Obesity Risk

The Diabetic and Hyperglycemic Intrauterine Environment and Infant Adiposity

Maternal diabetes (either existing type 1 or 2 diabetes or gestational diabetes) during pregnancy is 
associated with higher birth weight and greater fetal adiposity (Catalano et al. 2003; Jovanovic and 
Pettitt 2001; Kjos and Buchanan 1999). The effects of maternal hyperglycemia on fetal growth and 
adiposity are not limited to women with diagnosed diabetes. Among non-diabetic mothers there is a 
linear or “J” shaped association between fasting and post-challenge glucose levels during pregnancy 
and greater birth size and other adverse perinatal outcomes (Metzger et al. 2008; Scholl et al. 2001; 
Sermer et  al. 1995). For example, the recent Hyperglycemia and Adverse Pregnancy Outcomes 
(HAPO) study with more than 20,000 mothers and babies noted a strong, continuous association of 
maternal glucose levels below those diagnostic of diabetes with increased birth weight and cord-
blood serum C-peptide (a marker of insulin resistance) (Metzger et al. 2008). However, whether these 
more subtle changes in maternal glycemia (at levels lower than those seen for diagnosed gestational 
diabetes) are associated with increased offspring obesity risk in later life remains unclear.

The Diabetic and Hyperglycemic Intrauterine Environment and Later Obesity Risk

In addition to the association with greater adiposity at birth, there is increasing evidence that the 
offspring of women with pregnancy diabetes are at increased risk of obesity (Dabelea 2007; 
Kostalova et al. 2001; Pettitt et al. 1983, 1987, 1993; Pribylova and Dvorakova 1996; Silverman 
et al. 1991), impaired glucose tolerance (Dabelea 2007; Dabelea and Pettitt 2001; Kostalova et al. 
2001; Pettitt et al. 1993; Pribylova and Dvorakova 1996; Silverman et al. 1995), hyperinsulinemia 
(Pribylova and Dvorakova 1996), dyslipidemia (Manderson et al. 2002) and high blood pressure 
(Pribylova and Dvorakova 1996) in later life. However, a recent review of the long-term effects of 
exposure to an intrauterine diabetes environment on offspring obesity and glucose metabolism con-
cluded that the strongest evidence (largest and most consistent studies) for these associations comes 
from studies of Pima Indians, a population in whom obesity and type 2 diabetes risk is particularly 
high (Dabelea 2007). Further studies in general populations that are not at particularly high risk for 
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these outcomes are needed to understand the likely impact of maternal pregnancy diabetes on future 
offspring obesity risk.

Several mechanisms that are not mutually exclusive may explain the associations of maternal diabetes 
during pregnancy with obesity and related outcomes in offspring later in life. These include genetic 
predisposition, shared familial socioeconomic and lifestyle factors, as well as specific intrauterine 
effects. Work from the Pima Indian population suggests that the effect of maternal pregnancy diabetes 
on offspring obesity risk is not fully explained by genetic and shared familial lifestyle factors. In studies 
amongst Pima Indians a marked excess in the risk of obesity was found in offspring (assessed up to age 
20 years) born to mothers who had diabetes during their pregnancy compared to either the offspring of 
mothers who developed diabetes later in their lives (but were non-diabetic in pregnancy) or those who 
never developed diabetes (risk of offspring obesity was similar in these two latter groups) (Pettitt et al. 
1983, 1987). In a nuclear family study (52 families, 182 siblings), also conducted in the Pima Indian 
population, obesity was greater among offspring born after the mother had been diagnosed with diabe-
tes (i.e. exposure to increased intrauterine glucose levels) than in their sibs born before their mother’s 
diagnosis (i.e. exposed to lower intrauterine glucose levels) (Dabelea et al. 2000). These siblings will 
have experienced similar familial socioeconomic position and behaviors and on average 50% of their 
genetic variation, making these characteristics unlikely to fully explain the differences. Furthermore, the 
offspring of fathers with type 2 diabetes, but whose mothers are free of diabetes, in the Pima Indian 
population are no more at risk of future obesity than those whose fathers did not have diabetes, whereas 
for genetic variation to explain the maternal-offspring associations one would also expect a paternal-
offspring association (Pettitt and Knowler 1998). Thus, these studies provide some evidence for an 
intrauterine mechanism, at least in the specific population of Pima Indians.

In a small French study the offspring of mothers with type 1 diabetes during pregnancy (N = 15) 
were compared to a control group of offspring of fathers with type 1 diabetes (N = 16) (Sobngwi 
et al. 2003). The group whose mothers had type 1 diabetes during pregnancy (offspring exposed to 
intrauterine diabetic environment) had similar mean BMI, waist-to-hip ratio, total fat mass and 
truncal fat mass to those whose father’s had type 1 diabetes (and hence were exposed to genetically 
increased risk but not an intrauterine exposure) (Sobngwi et al. 2003). Most parameters from an 
oral glucose tolerance test conducted in the offspring in later life were also similar, though early 
insulin secretion was lower and 120 min mean glucose levels were higher in those whose mothers 
had had type 1 diabetes during their pregnancy than the control group of offspring of fathers with 
type 1 diabetes. The small sample size and multiple comparisons in this study make firm conclu-
sions difficult. In a more recent study of Danish individuals four groups were compared: (a) off-
spring of women with a genetic predisposition to type 2 diabetes (defined on the basis of existing 
risk factors such as family history) and with oral glucose tolerance test diagnosed and diet treated 
gestational diabetes – i.e. defined as genetic and intrauterine risk (N = 168); (b) offspring of women 
with a genetic predisposition to type 2 diabetes and with a normal oral glucose tolerance test during 
pregnancy – i.e. genetic but no intrauterine risk (N = 141); (c) offspring of women with no genetic 
predisposition to type 2 diabetes and with oral glucose tolerance test diagnosed and diet treated 
gestational diabetes – i.e. no genetic but positive intrauterine risk (N = 160) and (d) offspring of 
women with no genetic predisposition to type 2 diabetes and a normal pregnancy oral glucose 
tolerance test – i.e. no genetic or intrauterine risk (N = 128) (Clausen et al. 2008). In a large UK 
prospective study gestational diabetes and glycosuria in pregnancy were associated with increased 
BMI, waist circumference and DXA determined fat mass at age 9–12 in offspring (Lawlor et al. 
2010b). Furthermore, in a recent very large sibling study, which used a similar approach to that 
used previously in the Pima Indians but which included over 130,000 siblings, offspring of mothers 
who were exposed to diabetes during pregnancy had greater mean BMI at mean age 18 years than 
their older siblings born before their mother was diagnosed with diabetes (Lawlor et al. 2010c). 
This suggests that in Western populations, as with the Pima, that intrauterine mechanisms explain 
at least some of the association of pregnancy diabetes with later offspring adiposity. Mean BMI, 
fasting and 2-h postload glucose were all higher in groups (a)–(c) compared to individuals in 
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group (e), leading the authors to conclude that both genetic predisposition to type 2 diabetes and 
intrauterine exposure to gestational diabetes increase the risk of future obesity and glucose intoler-
ance (Clausen et al. 2008).

The long-term follow-up of the offspring of mothers who have been involved in randomized 
trials of the effectiveness of strict glycemic control during pregnancy will provide particularly 
valuable insights into the potential of intervening during this period to improve obesity risk and 
related outcomes in the offspring. In the short term, improved perinatal outcomes have been 
observed amongst those women with gestational diabetes randomized to intensive glycemic control 
vs. those on standard care (Crowther et al. 2005). There were fewer large for gestational age infants 
amongst those in the intervention group (13 vs. 22%, P < 0.001) and fewer infants with macrosomia 
(10 vs. 21%, P < 0.001). However, these differences may have been largely driven by the shorter 
period of gestation among the intensively treated group, due mainly to the greater rate of inductions 
of labor in that group (Crowther et al. 2005). Nevertheless, long-term follow-up of these infants to 
determine whether a brief intervention during the intrauterine period has long-term beneficial 
effects on the offspring in terms of the development of obesity and its associated diseases is impor-
tant for testing the developmental overnutrition hypothesis (see below) and determining whether a 
brief intervention during the intrauterine period among this high risk group has a lasting effect.

Developmental Overnutrition

The developmental overnutrition hypothesis (also known as fetal teratogenesis) provides a possible 
intrauterine mechanism for the association of maternal pregnancy diabetes/hyperglycemia with 
offspring adiposity (Dabelea 2007). This hypothesis was first proposed in the 1950s by Pederson to 
explain the association between maternal diabetes in pregnancy and excessive growth in the devel-
oping fetus (Pederson 1954). According to this hypothesis the greater delivery of glucose to the 
fetus in the diabetic pregnancy results in fetal hyperinsulinemia (a necessary response to prevent 
fetal hyperglycemia) and as a consequence increased insulin-mediated fetal growth. In the 1980s 
this hypothesis was broadened to include the possibility that other fuels, in addition to glucose but 
also related to maternal hyperglycemia/diabetes, such as free fatty acids, ketone bodies and amino 
acids also contributed to fetal hyperinsulinemia and increased fetal growth (Freinkel 1980). The 
original hypothesis was specific to intrauterine growth. However, birth weight is positively corre-
lated with later weight and BMI, and a further expansion of the original hypothesis has been the 
suggestion that developmental overnutrition resulting from a diabetic intrauterine environment may 
program offspring to life-long increased adiposity (Whitaker and Dietz 1998).

In support of the developmental overnutrition hypothesis, high concentrations of maternal glu-
cose among those with gestational diabetes has been shown to increase nutrient (glucose, amino 
acids, free fatty acids) transfer to the fetus and result in fetal hyperinsulinemia and increased fetal 
growth (Freinkel 1980; Pederson 1954). In studies of humans, fetal hyperinsulinemia has been 
detected in the offspring of diabetic mothers both in utero (assessed in samples of amniotic fluid) 
(Persson et al. 1982; Silverman et al. 1993, 1995; Weiss et al. 2000) and immediately after birth 
(assessed in samples of cord blood) (Dornhorst et al. 1994). Furthermore, this hyperinsulinemia is 
associated, not just with increased fetal growth, but with later obesity and glucose intolerance in the 
offspring (Metzger et al. 1990; Silverman et al. 1993, 1995; Weiss et al. 2000). Offspring of female 
rats with diet-induced obesity during pregnancy have been found to be heavier than the offspring of 
rats with the same genotype, but without the diet-induced maternal obesity (Levin and Govek 1998). 
In vitro, animal and human studies have also demonstrated that fetal pancreatic development and fat 
stores are influenced by the availability of fetal fuels – in particular glucose, lipids and amino-acids 
– which are in turn determined by maternal adiposity, insulin secretion and responsiveness, plasma 
levels of glucose, free fatty acids and inflammatory signals (Dahlgren et  al. 2001; Freinkel and 
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Metzger 1979; Ramsay et al. 2002). As noted above, evidence from sibling studies in Pima Indians 
and a European population, support an intrauterine mechanism for the association of pregnancy 
diabetes with later offspring greater adiposity.

Maternal Adiposity During Pregnancy and Future Offspring Obesity Risk

Obesity is a major risk factor for diabetes and several studies have shown an independent (of preg-
nancy diabetes) association of maternal obesity with excessive fetal growth and adiposity (Baeten et al. 
2001; Guillaume et al. 1995; Okun et al. 1997; Sebire et al. 2001). Thus, there is increasing interest in 
the hypothesis that maternal obesity, and also “excessive” weight gain during pregnancy, in healthy 
non-diabetic women, are associated with life long obesity and related metabolic and vascular abnor-
malities in offspring (Ebbeling et al. 2002; Freinkel and Metzger 1979; Whitaker and Dietz 1998). It 
has been suggested that the consequences of this hypothesis, if true, are formidable: “the obesity 
epidemic could accelerate through successive generations independent of further genetic or environ-
mental factors” (Catalano 2003; Ebbeling et al. 2002). In this respect the developmental overnutrition 
hypothesis has been expanded to include not only hyperglycemia/diabetes in pregnancy but also greater 
maternal adiposity during pregnancy as a key risk factor for future offspring obesity risk.

Epidemiological support for this hypothesis is provided by studies finding a positive association 
between maternal pre-pregnancy or early pregnancy BMI and offspring BMI or obesity in later life 
(Laitinen et al. 2001; Li et al. 2005; Parsons et al. 2001; Stettler et al. 2000; Whitaker 2004). For 
example, a record linkage study of families in the Special Supplemental Nutrition Program for 
Women, Infants, and Children in Ohio, which included over 5,000 children, found strong and linear 
associations between maternal BMI in the first trimester of pregnancy and the risk of childhood 
obesity up to age 4 years: the adjusted odds ratio of obesity at age 4 comparing the highest fifth of 
maternal BMI to the lowest fifth was 4.31 (95% confidence interval (CI): 3.17, 5.87) (Whitaker 
2004). This association was independent of a range of covariables including birth weight, socioeco-
nomic position, maternal smoking in pregnancy and weight gain during pregnancy. However, an 
association between maternal BMI and offspring obesity may be explained by shared genetic risk 
factors or familial lifestyle characteristics for obesity.

One proposed mechanism for distinguishing intrauterine mechanisms is to compare the associa-
tion of maternal BMI, assessed pre-pregnancy or in early pregnancy, with offspring adiposity to the 
association of paternal BMI assessed at the same time with offspring adiposity, the assumption 
being that a stronger maternal-offspring, than paternal-offspring association would support specific 
maternal effects, of which intrauterine mechanisms would be a candidate. By contrast a similar 
maternal-offspring to paternal-offspring association would support shared genetic, socioeconomic 
or lifestyle characteristics which would be likely to be similar for both parents. Several studies have 
made such comparisons with varying results that may be explained by chance, differences in how 
parental BMI was obtained and different measurements of offspring adiposity (Davey Smith et al. 
2007; Kivimaki et al. 2007; Lake et al. 1997; Lawlor et al. 2007).

In the Avon Longitudinal Study of Parents and Children (ALSPAC) the associations of maternal 
and paternal pre-pregnancy BMI with offspring DXA determined fat mass measured at 9 and 11 
(4,091 parent-offspring trios) were compared. Both maternal and paternal BMI were positively asso-
ciated with offspring fat mass, but the size of the maternal association was larger than that of the 
paternal association in all models: mean difference in offspring sex- and age-standardized fat mass 
z-score per 1 standard deviation (SD) BMI were 0.24 (95% CI: 0.22, 0.26) for maternal BMI vs. 0.13 
(95% CI: 0.11, 0.15) for paternal BMI (P-value for difference in effect <0.001) (Lawlor et al. 2008b). 
The stronger maternal association was robust to sensitivity analyses assuming levels of non-paternity up 
to 20%. A plausible explanation for the stronger maternal association is provided by the developmental 
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overnutrition hypothesis. However, in the same study, maternal FTO genotype, controlling for 
offspring FTO, was used as an instrument for maternal adiposity, and these analyses did not provide 
strong support for the developmental overnutrition hypothesis (Lawlor et al. 2008b).

An instrumental variable is one that is associated with the exposure/risk factor of interest (in this 
case maternal BMI) but is not associated with the outcome (here offspring fat mass) of interest by 
any mechanism other than through its association with the exposure of interest (Lawlor et al. 2008a). 
If these assumptions hold, the instrumental variable can be used to provide an estimate of the causal 
association of exposure with outcome that will not be biased by confounding or reverse causality 
(Lawlor et al. 2008a). It has been suggested that a genetic variant that is robustly associated with an 
exposure of interest provides a powerful instrumental variable for that exposure (Davey Smith and 
Ebrahim 2003). This is because the random allocation of genetic variants from parents to offspring 
results in them rarely being associated with any of the environmental and lifestyle characteristics that 
commonly confound conventional epidemiological associations (Davey Smith and Ebrahim 2003; 
Davey Smith et al. 2008). Furthermore, genetic variation is determined at conception and cannot be 
influenced by later outcomes and hence associations of genetic variants with outcomes cannot be 
explained by reverse causation.

Variation in FTO predisposes to greater BMI and fat mass (Frayling et al. 2007; see also Chapters 
14 and 15). Mothers with one or two A alleles of FTO will on average have greater fat mass than 
those with two T alleles. This association with adiposity will be present throughout life, including 
during pregnancy. When maternal FTO, controlling for offspring FTO, was used as an instrumental 
variable to determine the causal association of maternal adiposity with offspring adiposity it was 
found that the mean difference in offspring fat mass z-score per 1 SD maternal BMI was −0.08 (95% 
CI: −0.56, 0.41) (Lawlor et al. 2008b). The point estimate (−0.08 SD) for this instrumental variable 
analysis suggests that greater maternal adiposity during pregnancy does not result in greater fat 
mass in later life in her offspring. However, the confidence interval is wide and statistically this 
finding is not different from that found for the parental comparison. Thus, these analyses cannot rule 
out a small intrauterine effect of greater maternal adiposity on offspring future risk of greater 
adiposity.

One of the strongest pieces of evidence for an effect of maternal obesity during pregnancy on 
future obesity risk comes from a study of obesity surgery (Kral et al. 2006). In that study the preva-
lence of obesity was compared between 172 children (aged 2–18 years) born to 113 women who had 
been morbidly obese (mean BMI 48 kg/m2) and who had experienced substantial weight loss fol-
lowing biliopancreatic bypass surgery prior to their pregnancy with 45 of their siblings who were 
born prior to their mother’s surgery (i.e. exposed to extreme maternal obesity during pregnancy) and 
were assessed at a similar age to their younger siblings. Compared to their siblings born prior to their 
mothers’ surgery-related weight loss, those conceived after mother’s surgery had a reduced preva-
lence of obesity (relative reduction 52%) and severe obesity (relative reduction 45%) (Kral et  al. 
2006). This study suggests that extreme obesity during pregnancy is causally (and through intrauterine 
mechanisms) related to future offspring obesity risk, but whether less extremes of maternal over-
weight or obesity that do not warrant surgical intervention are associated with future offspring 
obesity are unclear. If the effect of maternal obesity is only seen at these extreme levels then it will 
have limited public health impact and will not have been a major driver of the obesity epidemic.

Maternal Weight Gain During Pregnancy

A number of studies have also examined the association between maternal weight gain during preg-
nancy (as opposed to BMI at the start of pregnancy) and later BMI or obesity in offspring, with all 
but one of these (Whitaker 2004), finding an association between greater weight gain during pregnancy 
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and greater mean BMI or increased risk of obesity in offspring (Fisch et al. 1975; Mamun et al. 
2009; Moreira et  al. 2007; Okens et  al. 2005; Schack-Nielsen et  al. 2005; Sharma et  al. 2005; 
Seidman et al. 1996). This association appears to be robust to adjustment for indicators of socioeco-
nomic position, maternal pre-pregnancy or early pregnancy BMI and infant birth size. In a recent 
study from Australia the association remained up to age 21 years in the offspring and was also 
associated with an increase in systolic blood pressure of the magnitude predicted by the association 
of maternal pregnancy weight gain with offspring BMI at age 21 and the association of offspring 
BMI with their systolic blood pressure (Mamun et  al. 2009). In a second large study (N=5154) 
greater gestational weight gain up to 36 weeks gestation was associated with greater offspring BMI, 
waist circumference, fat mass and a wide range of adverse cardiovascular risk factors at age 9–10 
years (Fraser et al. 2010).

Maternal Diet During Pregnancy

The developmental overnutrition hypothesis might imply that high fat and high energy diets during 
pregnancy will be associated with future offspring obesity risk. Results from a study of mice pre-
sented at the Society for Neuroscience’s 38th annual conference support this assertion (naturenews 
2009; http://www.nature.com/news/2008/081120/full/news.2008.1240.html). The offspring of mice 
fed a high-fat diet throughout their pregnancies and suckling were more obese than the offspring of 
mice fed a normal diet during pregnancy and sucking. Furthermore, the greater risk of obesity was 
transmitted into the next generation (the original experimented upon mother’s grand-children), 
without any further manipulation of their mother’s diet. However, whether these findings would 
translate into similar results in humans is unclear. Parental-offspring association comparisons, sug-
gest that mother’s diet during pregnancy is more strongly associated with offspring diet than in 
father’s diet, which may represent an intrauterine effect or the greater impact of mothers on family 
diet in general (Brion et  al. 2010a). Randomized controlled trials of different dietary intakes in 
pregnancy with long-term follow-up would be expensive and potentially difficult to undertake, as 
pregnant women are unlikely to be happy to be randomized to different dietary intake. In the future 
it may be possible to use genetic variants that have been shown to be robustly associated with clear 
differences in dietary intake as instrumental variables to assess these associations (Davey Smith and 
Ebrahim 2003; Lawlor et al. 2008a).

Maternal Smoking During Pregnancy

Several studies have found an association of maternal smoking during pregnancy with greater 
offspring BMI or obesity risk in later life (Mamun et al. 2006; Power and Jefferis 2002; Toschke 
et al. 2003; von Kries et al. 2002). It has been suggested that exposing the developing fetus to nico-
tine might adversely affect development of hypothalamic function and through this mechanism 
impact appetite control over the life course and hence increase the risk of future obesity (Kane 
et al. 2000; Slotkin 1998). However, there are many confounding factors that could generate non-
causal links between maternal smoking and the later offspring adiposity. As noted above, one 
approach to this issue is to compare the strength of associations between an exposure among moth-
ers and offspring outcomes and the same exposure among fathers and the offspring outcomes. If 
there were a direct biological effect of intrauterine exposure to maternal smoking on offspring 
obesity, then the link with offspring obesity should be much stronger for exposure among mothers 

http://www.nature.com/news/2008/081120/full/news.2008.1240.html
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than for exposure among fathers (Davey Smith 2008). This can be illustrated with respect to birth 
weight where there is strong evidence of a causal influence of maternal smoking during pregnancy. 
Figure 17.1 demonstrates that, in ALSPAC, maternal smoking during pregnancy is associated with 
lower offspring birth weight (with a magnitude, 162  g lower weight in those whose mothers 
smoked during pregnancy compared to those who did not, consistent with other studies), whereas 
partner smoking during pregnancy is only weakly associated with birth weight (Davey Smith 
2008). When both maternal and partner smoking during pregnancy are taken into account in the 
same multivariable statistical model, the former shows a robust association that is little attenuated, 
whereas the latter association is essentially abolished. These results suggest that the weak associa-
tion of paternal smoking with offspring birth weight is explained by the association of paternal 
smoking with maternal smoking and provides very little evidence of any effect of second hand 
smoking on birth weight.

If we now apply the same logic to offspring adiposity in later life the results are notably different 
to those seen for birth weight. In ALSPAC, data show that the average BMI at age 7 of children 
whose mothers smoked during pregnancy is raised compared to those whose mothers did not smoke, 
with the magnitude of this effect being similar to findings of previous epidemiological studies 
(Leary et al. 2006). However a similar sized association is seen with partner smoking, and including 
both maternal and partner smoking behavior in the same model leaves residual effects of similar 
magnitude (Leary et al. 2006). Furthermore, when a more direct measure of adiposity – DXA scan 
determined fat mass – was used as the outcome the findings were similar (Fig. 17.2) (Leary et al. 
2006). These results suggest that in the case of offspring adiposity, maternal smoking during preg-
nancy does not have a direct intrauterine effect, rather confounding factors associated with parental 
smoking and offspring adiposity generate an association between both maternal and paternal smok-
ing and greater offspring adiposity. Similar findings are seen with respect to parental smoking and 
offspring blood pressure (Brion et al. 2007).

The analyses are restricted to singleton births and all results are adjusted for infant sex and gestational 
age; the results on the right are additionally mutually adjusted for mother’s and partner’s smoking 
status during pregnancy. Partner’s were described as being biological fathers by the mothers
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Intrauterine Growth and Later Risk of Obesity

A large number of studies have demonstrated inverse associations (sometimes “reverse-J” shaped) 
between birth size (most commonly birth weight or birth weight standardized for gestational age) and 
coronary heart disease (Barker 1995; Huxley et al. 2007), type 2 diabetes (Whincup et al. 2008) and 
a wide-range of cardiovascular risk factors that are all thought to be influenced by obesity, including 
blood pressure (Whincup et al. 2004), fasting glucose (Forouhi et al. 2004), insulin (Forouhi et al. 
2004), total cholesterol and triglycerides (Gluckman and Hanson 2004; Owen et  al. 2003). Low 
levels of high density lipoprotein cholesterol (HDLc) is associated with increased risk of cardiovas-
cular disease and is more commonly seen in obese compared with lean individuals and for this risk 
factor birth weight is positively associated with HDLc (i.e. lower birth weight is associated with 
lower HDLc which is an adverse cardiovascular risk factor and consequence of obesity) (Gluckman 
and Hanson 1995). Despite these associations with adverse consequences of obesity, birth weight and 
ponderal index (birth weight relative to height) have been found to be positively associated with mean 
infant, childhood and adulthood BMI and overweight/obesity in a large number of studies (Binkin 
et al. 1988; Duran-Tauleria et al. 1995; Fisch et al. 1975; Hediger et al. 1999; Kramer et al. 1985; 
Pietilainen et al. 2001; Rasmussen and Johansson 1998; Seidman et al. 1991; Strauss 1997).

Despite the positive associations of childhood BMI with cardiovascular risk factors in childhood 
(Berenson et al. 1998; Forrester et al. 1996; Law et al. 1995; Lawlor et al. 2004; Owen et al. 2003; 
Lawlor et al. 2010a) and with adult cardiovascular mortality (Baker et al. 2007; Bjorge et al. 2008; 
Owen et al. 2007), investigators have criticized the examination of birth size with BMI or over-
weight/obesity based on BMI suggesting that birth size may be differentially associated with fat and 
lean mass, and with fat distribution, and that these differential associations may mediate the associa-
tion between lower birth weight and higher later cardiovascular disease risk. That is to say, it is 
suggested that individuals with lower birth weight (a marker for poorer intrauterine nutrition) will 
be programmed to greater fat mass and in particular greater central/visceral fat in later life and that 
this will increase their risk of adverse cardiovascular and metabolic outcomes (Law et al. 1992). 
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Studies examining the associations of birth size with fat mass and fat distribution have reported 
inconsistent conclusions. In by far the largest study to date (N = 6,086) birth weight was positively 
associated with both DXA determined lean and fat mass in males and females, with a 1 SD greater 
birth weight being associated with a 4.3% greater fat mass at age 9–10 years in models that adjusted 
for height, age, sex, pubertal stage, gestational age, family socioeconomic position, maternal parity, 
age and smoking during pregnancy (Rogers et al. 2006). Ponderal index in that study was also posi-
tively associated with DXA determined fat and lean mass (Rogers et al. 2006). In a smaller study 
of 78 adolescents (mean age 15 years) and 86 children (mean age 7 years) birth weight was posi-
tively associated with fat-free (lean) mass, but there was no association with fat mass (Singhal et al. 
2003a, b). The latter may reflect a type 2 error given the small study size. In a third small study 
(N = 32), 16 men aged 64–72 years at time of assessment, whose birth weight was below the 25th 
centile (mean birth weight 2.76 kg) had a higher DXA assessed fat mass than 16 age matched men 
whose birth weight was above the 75th percentile (mean 4.23 kg): 29.3 vs. 25.3%, P = 0.03 after 
adjustment for BMI (Kensara et al. 2005). A smaller difference was found without adjustment for 
BMI (28.7 vs. 26.0%, P = 0.15) and the very small sample size of this study make it difficult to make 
valid inferences.

Inverse associations of birth weight with measurements of central adiposity (based on subscapular 
skinfold thickness, subscapular to triceps skinfold ratio, waist circumference or waist-to-hip ratio) 
in children, adolescents and adults have been reported (Labayen et al. 2006; Law et al. 1992; te 
Velde et al. 2003; Walker et al. 2002). However, most studies to date have had small sample sizes 
(three with fewer than 250 participants and one with 1,084). The largest study, to date, relied on 
adjustment for BMI to unmask associations with central adiposity (Law et al. 1992) and two of the 
three small studies reported sex differences that were inconsistent between studies. Thus, in one 
there was an inverse association of birth weight with central adiposity in boys only (Labayen et al. 
2006) and in the other an inverse association only in females (te Velde et al. 2003). Thus, evidence 
to date suggests that birth weight is positively associated with BMI and total fat and lean mass, but 
whether there is an inverse association with central adiposity remains unclear due to a paucity of 
large well-conducted studies of this association.

Infant Risk Factors of Obesity

Accelerated Infant Growth

Amongst preterm infants in a UK study rapid weight gain in very early infancy (first 2 weeks after 
birth) has been shown to be associated with greater insulin resistance (Singhal et al. 2003a, b) and 
this has led to the suggestion that rapid weight gain in early infancy might predispose to obesity 
and cardiovascular disease risk (Singhal and Lucas 2004). However, results from preterm infants 
may not be generalizable to the majority of the population born at term. Three general population 
cohort studies, two from the UK (McCarthy et al. 2007; Ong et al. 2009; Howe et al. 2010) and 
one from Delhi in India (Sachdev et al. 2005), have examined detailed growth trajectories from 
birth to childhood and their relationship to later obesity. One of the UK studies, based on a cohort 
of men only from Wales (N = 679) found positive associations between weight velocity (rate of 
weight gain) in the immediate infancy period (between birth and 5 months) and greater BMI and 
waist-to-hip ratio in early adulthood (mean age 25 years) (McCarthy et al. 2007). This association 
was independent of a range of potential confounding factors and weight velocity in childhood (rate 
of weight gain between 1.75 and 5 years), though the latter was more strongly associated with 
adult BMI and waist-to-hip ratio than weight velocity in infancy. The second UK study, based on 
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a cohort of girls only from South West England (N = 2,715) found that faster weight gain between 
the three time points with measurements – 0–2; 2–9 and 9–19 months – were all positively associ-
ated with BMI at 9–10 years (Ong et al. 2009). However, only faster early infancy weight gain (0–2 
and 2–9 months) were positively associated with DXA determined fat mass, with later faster 
growth (9–19 months) being positively associated with fat free mass, but not fat mass at age 9–10 
years. However, a more detailed assessment in that same study, with longer follow-up, found that 
later childhood rapid BMI gain (more so that gain in infancy) was more strongly associated with 
fat mass and adverse cardiovascular risk factors at age 15–16 years, with no evidence that infancy 
was a particularly sensitive period (Howe et al. 2010). By contrast, in the Delhi study, where many 
participants were stunted and underweight in infancy, weight velocity in infancy was associated 
with adult lean mass, with little association with general or central adiposity (Sachdev et al. 2005). 
Taken together these findings suggest that the impact of rate of weight gain in early infancy on 
later risk of adiposity and its associated adverse cardiovascular and metabolic outcomes may vary 
depending upon the underlying nutritional status of the infants being studied. The UK studies also 
suggest that rate of weight gain in later childhood is more important than that in infancy with 
respect to later adiposity and associated cardiovascular risk factors (McCarthy et al. 2007; Howe 
et al. 2010).

Infant Nutrition

During the last two decades there have been numerous and rapidly increasing claims about potential 
long-term beneficial effects of having been breastfed, including papers suggesting protection against 
the development of obesity in childhood and adulthood. Breastfeeding is known to be associated with 
multiple social, behavioral and biological exposures that are themselves correlated with obesity. The 
evidence-base, however, for long-term protective effects of breastfeeding on obesity is largely obser-
vational and not experimental (i.e. randomized controlled trials). A major challenge, therefore, in 
understanding the current epidemiological literature is that it is difficult to disentangle breastfeeding 
effects from the influence of factors correlated with maternal choice to breastfed.

Owen et  al. published a systematic review of breastfeeding and mean levels of BMI in 2005 
(Owen et al. 2005b). The meta-analysis was based on a systematic search that identified 36 indi-
vidual effect-estimates. Those who were breastfed had a BMI that was, on average, 0.04 kg/m2 less 
(95% CI: −0.05, −0.02) than those who were bottle-fed. This was conventionally “statistically sig-
nificant,” but is a very small effect. For example, a reduction of 2 kg/m2 (a 50-fold greater effect 
than the observed effect of breastfeeding) is needed to reduce the incidence of coronary heart dis-
ease and type 2 diabetes by 10%. Arguing against causality for the association of breastfeeding and 
BMI in this systematic review, were the observations that the difference in BMI by type of infant 
feeding was less in those studies that defined breastfeeding as exclusive, the absence of any associa-
tion in the pooled estimate of the 11 studies that controlled for maternal smoking, social class and 
parental BMI, and that there was convincing evidence of small study bias, suggesting the possibility 
of publication bias.

It has been suggested that the lack of any important association with mean BMI is because 
breastfeeding only affects the upper and lower tails of the distribution. There have been at least 
three quantitative systematic reviews of the effect of breastfeeding on risk of obesity, defined in 
most studies by cut-offs at the 95th or 97th percentile (Arenz et al. 2004; Harder et al. 2005; Owen 
et al. 2005a). The largest and most recent meta-analysis included 28 studies with almost 300,000 
participants (Owen et al. 2005a). Breastfeeding was associated with a reduction in risk of obesity 
of 13% compared to formula-feeding (pooled odds ratio (OR) = 0.87; 95% CI: 0.85, 0.89) and the 
effect was greater in studies that defined breastfeeding as exclusive (OR = 0.76; 95% CI: 0.70, 
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Table  17.1  Cluster-adjusted differences in adiposity comparing the breastfeeding promotion 
intervention (experimental) arm with the control arm of PROBIT

Outcome Experimental Control Difference (95% CI)

BMI (kg/m2) 15.6 15.6 +0.1 (−0.2, 0.3)
Waist circumference (cm) 54.6 54.2 +0.3 (−0.8, 1.4)
Triceps skinfold (mm)   9.9 10.0 −0.4 (−1.8, 1.0)
Subscapular skinfolds (mm)   5.9   5.8   0.0 (−0.4, 0.5)

Adapted from Kramer et al. (2007)

D.A. Lawlor et al.

0.83) or those breastfed for 2 months or more (OR = 0.81; 95% CI: 0.77, 0.84). However, the asso-
ciation was strongest amongst the smallest studies indicating possible publication bias, i.e. small 
studies being more likely to be published if they showed a large effect (pooled OR in studies of 
<500 participants = 0.43; OR in studies of >2,500 participants = 0.88). The effect of adjustment for 
potentially important confounders could only be examined in six studies. In these six studies, the 
pooled odds ratio before adjustment was 0.86, but after controlling for parental obesity, maternal 
smoking and social class, this was reduced to 0.93. Thus, as with the systematic review of mean 
BMI, this review does not provide strong evidence for a causal protective effect of breastfeeding 
on future obesity risk.

Kramer et al. have illustrated that reverse causality is a major concern in observational studies of 
the association of breastfeeding duration with adiposity (Kramer et al. 2002). It may be that breast 
milk output is sufficient for slower-growing infants, destined to remain relatively thin; such infants are 
satisfied by continued exclusive breastfeeding. In contrast, faster growing infants, destined to become 
obese, may be switched to formula to meet their higher energy demands and satisfy more frequent 
hunger. An association of exclusive or prolonged duration of breastfeeding compared with lesser 
degrees of breastfeeding with adiposity may reflect the fact that the faster-growing infant “causes” 
supplementation with formula feeding, rather than the formula feeding causing the faster growth.

Well conducted randomized controlled trials remove problems of confounding, reverse causality 
and selection bias that afflict observational studies, but randomization to breast- vs. formula-feeding 
is not feasible and may be unethical. However, randomization to a breastfeeding promotion inter-
vention is ethical and feasible, particularly if mothers who intend to breastfeed are randomized to 
an intervention that promotes breastfeeding duration and exclusivity. A large randomized controlled 
trial of an intervention to promote breastfeeding exclusivity and duration, with analysis by “intention 
to treat” has been conducted, involving over 17,000 term and normal weight children in the Republic 
of Belarus who are now aged 11.5 years (Promotion of Breastfeeding Intervention Trial, PROBIT) 
(Kramer et al. 2001). Infants from the intervention sites were 7 times more likely to be exclusively 
breastfed at 3 months (43.3 vs. 6.4%) and 13 times more likely at 6 months (7.9 vs. 0.6%), and were 
breastfed to any degree at higher rates throughout infancy. Thus, the PROBIT trial resulted in two 
cohorts that differed substantially in the exclusivity and duration of breastfeeding. These cohorts 
were created by randomization, not the choice of the mother, enabling strong causal inferences with 
respect to breastfeeding effects on long-term outcomes. Despite the fact that the breastfeeding pro-
motion intervention resulted in considerable increases in the duration and exclusivity of breastfeeding, 
it did not reduce measures of adiposity at age 6.5 years (Table 17.1) (Kramer et al. 2007). Neither 
was any important effect of the experimental intervention observed on the risk of overweight or 
obesity defined, respectively, by the BMI ³ 85th percentile (cluster-adjusted OR = 1.1; 95% CI: 0.8, 
1.4) or ³95th percentile [cluster-adjusted OR = 1.2 (0.8, 1.6)] (Kramer et al. 2007). These findings 
are also supported by a recent cross cohort comparison study in which breast feeding was not found 
to be associated with offspring BMI in a cohort from Brazil where socioeconomic position (a likely 
key confounder in the association) is not related to breast feeding (Brion et al. 2010b).
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Conclusions

Evidence to date suggests an association between maternal hyperglycemia/diabetes during preg-
nancy and future risk of greater offspring adiposity, with some evidence that this is at least in part 
explained by intrauterine mechanisms that are consistent with developmental overnutrition. 
Evidence for an effect of greater maternal BMI or weight gain during pregnancy is less clear. 
Extreme obesity during pregnancy (even in the absence of diagnosed diabetes) might, via an intra-
uterine mechanism, result in increased offspring obesity, but further research is required to deter-
mine whether less extreme levels of maternal overweight/obesity and weight gain during pregnancy 
are causally related to future offspring obesity risk. Comparisons of maternal and paternal associa-
tions suggest that exposure to maternal tobacco smoking during pregnancy is not causally (via 
intrauterine mechanisms) associated with future offspring obesity, although the clear adverse health 
consequences of smoking during pregnancy on the developing fetus (intrauterine growth retarda-
tion) and on the mother’s own health warrant advice and interventions to reduce smoking in women 
of reproductive age.

Recent systematic reviews of observational studies, and the PROBIT randomized controlled trial 
of breast feeding promotion, suggest that previous reports of protective effects of breastfeeding 
against the later development of obesity may reflect uncontrolled confounding and bias. The con-
tinued follow-up of PROBIT will help unpick whether any effects emerge later in life as adiposity 
rates increase.

The exact mechanisms underlying prenatal and infant exposures that do appear to be causal are 
unclear. Epigenetic effects are frequently invoked as potentially important mechanisms for associa-
tions of prenatal risk factors with a range of later life outcomes. However, as yet there is insufficient 
research in humans to make clear conclusions about the nature and importance of these effects. 
Whilst there is strong evidence for causal effects of some prenatal and infant exposures (maternal 
hyperglycemia and extreme obesity during pregnancy and rapid weight gain in early infancy), there 
is no clear evidence that interventions during this period of the life course are effective at reducing 
childhood or later life obesity.
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