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Abstract  

Famine and other situations in which food access is used as a political instrument continue to plague our 

planet. Mild, but chronic, energy restriction has long-term effects on the health of a population. Growth 

restriction in utero or during childhood is the result of a complex interaction of political and economic 

forces that contribute to income inequality and social disadvantages for poorly educated members of 

society. Yet, there is considerable evidence to suggest that adults who were born small or suffered linear 

growth retardation are predisposed to diet-related chronic diseases. Potential biological mechanisms to 

explain the association between poor growth in childhood and chronic disease risk in adulthood are many 

and varied. One theory suggests that energy restriction may cause permanent metabolic adaptations that 

promote central fat deposition, a phenotype highly associated with many chronic diseases. Thus, countries 

with a high prevalence of children born small or growth retarded may expect to see increases in the 

prevalence of chronic disease, especially as dietary patterns continue to shift towards “Western” diets, 

high in fat and sugar. This observation has significant implications for developing countries, creating 

potential economic fallout due to an increased need for health care or increased absenteeism. Therefore, it 

is of extreme importance that the biological, as well as the economic, impact of growth retardation remain 

a scientific and policy priority throughout the world. 
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Introduction 

 “The impact of non-communicable diseases – including cardiovascular diseases, diabetes, certain 

types of cancers and chronic respiratory diseases – is steadily growing, affecting both developed and 

developing countries, and people in all age groups. In 2008, non-communicable diseases caused an 

estimated 36 million deaths worldwide.” [1]. 

 As the world settles into the second decade of the “new” millenium, the state of health of many 

countries continues to change in new, rapid, and often unexpected directions.  Less then 50 years ago, the 

major public health issues facing nations were related to sanitation and poor acess to food [2].  With the 

emergence of improved water systems, widespread dissemination of antibiotics and immunizations, and 

remarkable advances in agricultural production, these issues have been eclipsed by diseases of “wealth 

and excess”, namely diet-related chronic diseases (DRCD) including obesity, cardiovascular disease, and 

type 2 diabetes (T2D) [3].  This “epidemiological transition” was precipitated and perpetuated by broad 

structural changes in public health systems, declining infant and maternal mortality, and the expansion of 

food systems that promoted a shift in diets from traditional to “Western” diets [4-6].  Yet, during these 

changes a remarkable observation was made that adults who were born small were at a higher risk for 

some chronic diseases [7].  This research gave birth to a new field of study, aptly named “fetal 

programming”, and has significant implications throughout the world as the number of children exposed 

to poor nutrition in utero or during childhood survive well into adulthood and contribute to the changing 

patterns of diseases in both developed and developing countries.  This chapter will review key issues 

related to poor nutrition and growth in childhood as well as fundamental studies of the association 

between poor growth and risk for DRCD in adulthood.  Central to this chapter is a thorough discussion of 

specific metabolic and body composition parameters that may mediate these associations, providing a 

biological framework through which disease risk may be better understood. 

Undernutrition As A Complex Global Public Health Problem 

In 2010, approximately 925 million people worldwide were considered undernourished [8] with 

undernutrition affecting 16% of the populations in the developing/transitional regions [8, 9]. Although 



undernutrition does not affect only middle- and low-income countries, only 2% of the 925 million 

undernourished in 2010 lived in developed countries (Figure 1). In contrast, 40% of the global prevalence 

of undernutrition is from China and India with another 30% from Africa [8].   The exact factors that 

contribute to these data involve a complex interaction of socio-political variables that occur in nations 

with varying economic and agriculture policies that culminate in dietary insufficiency. 

Children, pregnant and lactating women are most vulnerable to food shortages due to their high 

nutritional requirements for growth and milk production. It has been estimated that about one-third to half 

of the deaths of children from birth to five years are directly or indirectly caused by undernutrition [10-

13]. In 2009, undernutrition was responsible for the deaths of 2.7 to 4 million children under 5 years of 

age [14]. Most of these deaths were caused by diarrhea and respiratory tract infections, diseases 

commonly treated and tolerated in healthier children. In addition to higher mortality rates, undernutrition 

has profoundly negative effects on a child’s growth, cognitive development and overall health, effects that 

often persist into adulthood. 

While poor nutrition is the most immediate factor involved in causing undernutrition, it is 

generally preceded by a number of “upstream” factors that prompt either an acute or chronic deprivation 

of energy and/or nutrients. Such factors may include civil strife, food crises, or natural disasters. In the 

short-term, acute undernutrition results in weight loss, a condition termed wasting (low weight for height) 

or underweight (low weight for age). Wasting is a severe form of undernutrition, but only a small percent 

of undernourished persons in the world become wasted [13]. On the other hand, mild, but chronic 

undernutrition is very prevalent and generally influenced by broader societal issues, such as low-income 

and poverty. If undernutrition is severe enough to cause growth faltering from birth to five years of age, 

the child is likely to become stunted (short stature for age). Different from weight deficits, which can be 

recovered with adequate nutritional intake, growth retardation is difficult to recover and stunted children 

are often likely to become stunted adults [13, 15]. 

Although poor dietary intake is the immediate cause of undernutrition, it is difficult to separate 

undernutrition from poverty.  Based on the United Nations Children’s Fund (UNICEF) framework for 



child malnutrition [16], Black and colleagues proposed a conceptual framework for the causes of maternal 

and child undernutrition [10]. Essentially, the underlying causes of undernutrition are 
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the political, economical, and social settings where people live. These factors influence the financial and 

economic system of a country, adversely affecting capital distribution, leading to widespread poverty and 

income inequality. Poverty, in turn, affects household food security, childcare practices, and access to 

health services. Household food security directly influences food access, leaving families at risk for food 

insecurity in which households are more likely to have inadequate dietary intake than food secure 

households [10]. Childcare practices are affected by poverty including duration of breastfeeding, timing 

of complementary feeding, and food safety. Lower-income and poorer communities are more likely to 

breastfeed for shorter periods (less than two months) and begin complementary feeding too early 

(displacing higher fat and energy dense foods during a critical period of growth). Further, many poor 

communities have less access to healthier environments, such as clean water and sewage, and other health 

services, such as hospitals and pharmacies than compared to wealthier communities [10]. These three 

factors, independently or combined, influence the immediate causes of undernutrition: inadequate dietary 

intake and disease. Inadequate dietary intake and infectious diseases often create a vicious cycle as poore 

diet increases the risk of infections and other diseases, increasing nutritional requirements as well as 

decreasing food intake [10]. Thus, undernutrition remains a serious public health problem due to it’s 

association with childhood morbidity and mortality [17, 18].  

It is currently estimated that about 80% of neonatal deaths are caused by low birth weight and 

maternal undernutrition [18]. In fact, UNICEF estimates that  20 million children annually are born 

weighing less than 2,500 grams, 17% and 7% of births in developing and developed countries, 

respectively [19]. Children born small are three times more likely to die during the first month of life [10]. 

Those who survive have weaker immune systems and are more likely to die from common childhood 

diseases, such as diarrhea, during the first five years of life. Children born small are also more likely to 

have impaired cognitive function. One study in New Zealand determined that each kilogram increase in 



birth weight was associated with a 3 point increase on a standardized IQ test [20]. Another study of a 

cohort of 5 year-old monozygotic twins in the United Kingdomo reported a strong association between 

birth weight and IQ scores, controlling for socioeconomic status, genetics, and other environmental 

factors [20]. Further, several epidemiological and experimental studies have linked lower birth weight and 

increased risk of DRCD, such as obesity and obesity-related conditions. 

Poor Nutrition Early In Life and Adult Chronic Diseases 

 The concept that early nutrition influences the health of an individual throughout the lifespan is 

based on a large number of population-based studies, but remains a somewhat controversial topic  [7, 21-

23].  However, substantial evidence exists that supports the idea that nutrition early in life plays a central 

role in both health and risk for disease in adulthood [24-30]. Early work in this area focused on the 

relationship between undernutrition in-utero and risk for chronic diseases during adulthood [31-34]. More 

recently, investigators have begun to question exactly when, and to what degree, poor nutrition during 

“critical periods” of development influence disease risk and adult health [35-37].  

Birth weight is strongly related to maternal nutritional status and health such that  mothers with a 

lower body mass index (BMI, weight in kg/ height in m2) are more likely to give birth to smaller babies 

[13, 18]. Since there is no means of assessing intrauterine growth directly, weight at birth is often used as 

a proxy for intrauterine growth and babies born at term weighing less than 2,500 grams  are considered 

“small for gestational age”, having suffered from intrauterine growth restriction. However, it is important 

to emphasize that the association between intrauterine growth and birth weight might not be always due to 

nutritional insufficiency. It is possible that an undernourished mother may give birth to a normal size 

baby, even though they may have suffered some energy restriction in utero. On the other hand, not all low 

birth weight babies come from an energy restricted environment, but from some other maternal condition 

such as stress or smoking [38].  

Over the past few decades, much attention and debate has focused on the associations between 

intrauterine growth retardation and later health outcomes. However, experimental studies to elucidate the 

underlying mechanisms to explain the association between growth restriction and chronic diseases in 



humans are difficult to design for two reasons: first, they would most likely be unethical; and second, 

chronic diseases take a long time to develop.  Thus, such studies would need thousands of participants 

and would be unfeasibly long [39]. The alternative is to use cohorts from regions where birth records are 

detailed and maintained for extended periods, such as the United Kingdom or Holland, and conduct 

retrospective studies on the association between current health outcomes relative to birth weight from 

birth records.  

Large epidemiological studies have reported an association between being born at-term with low 

birth weight (LBW) and chronic disease during adulthood [37, 40, 41]. Of particular interest has been the 

association between LBW and cardiovascular disease (CVD), hypertension, and T2D.  One of the most 

noted studies is that of the Dutch famine in which a cohort of men born before, during, and after the 

famine in Holland of 1945 were studied for body weight in relation to exposure to famine during 

gestation [42].  Men who had been exposed to the famine during late gestation and early infancy were less 

likely to be obese (defined as a weight above 120% of the standard body weight) as adults compared to 

men who were exposed to the famine during the first two trimesters of gestation, suggesting that early, 

prenatal exposure to undernutrition is related to weight gain later in adulthood. Despite the available 

evidence suggesting that the uterine environment is associated with fetal growth and adult health (or 

disease), it is difficult to discount potential genetic factors that are associated with both fetal growth and 

chronic disease risk. 

Thrifty Phenotype or Genotype 

 The thrifty phenotype is based on the idea that undernutrition during gestation or early life 

perturbs fundamental metabolic processes at either the hypothalamic-pituitary-adrenal axis or cellular 

control of substrate metabolism [43-45]. While these perturbations may not be manifested during the 

period of undernutrition, exposure to adequate energy and nutrient intake may be excessive for the 

adapted processes and result in disease states consistent with the metabolic syndrome (i.e. insulin 

sensitivity, impaired glucose tolerance, and low high-density lipoproteins). This concept is central to the 

reported associations between growth retardation and DRCD [46].   Looking again at the Dutch famine 



study, adults who experienced  intrauterine caloric restriction in mid to late gestation presented with the 

highest prevalence of impaired glucose tolerance at 50 years of age [47]. In particular, LBW is associated 

with elevated plasma glucose levels and insulin levels, even when controlling for sex, body mass index, 

and maternal body mass index [48, 49].   Yajnik et al reported that 4-year old children in India with LBW 

had higher plasma glucose and insulin concentrations following an oral glucose load (8.1 mmol v. 7.4 

mmol, p=0.01), independent of their current body weight [50].  Byberg et al reported that the relative risk 

for the insulin resistance syndrome was 0.66 (p<0.05) in a cohort (n=1268) of 50 year-old men per kg 

increase in birth weight [48].  Finally, in a study of pre-pubertal black South African children, there was a 

negative association between LBW and insulin secretion after an oral glucose tolerance test  [51].  

On the other hand, the thrifty genotype has gained significant acceptance as studies have reported 

that polymorphisms in genes related to glucose metabolism are also associated with low birth weight and 

DRCD.  One study of over 1,600 children living in the Gila River Indian Community of Arizona reported 

that fathers who were diabetic had children weighing, on average, 78g lighter than those from non-

diabetic fathers [52].  It was also reported that a defect in glucokinase was associated with low birth 

weight as well as later development of diabetes [53].   In addition, a defect in the promoter region of 

insulin was found to be associated with higher birth weight as well as later development of the “metabolic 

syndrome” [54].  These studies highlight the fact that while environmental and genetic influences on adult 

disease have been studied, they have often been studied independent of the other.  

Undernutrition In Childhood As A Risk Factor For Poor Growth In Adulthood 

When nutrient intake and absorption are compromised, there are limited nutritional resources 

available for adequate bone and tissue growth and development, resulting in “stunting”. According to the 

World Health Organization, a child is classified as stunted when his/her height for age is less than -2 

standard deviations (SD) of the mean height of a reference population [55].  Stunting is a consequence of 

chronic undernutrition and is an indicator of repeated periods of mild to severe chronic undernutrition. 

The United Nations estimates that one-third of children under five years of age in developing countries is 

stunted, about 195 million children, with about 90% living in Africa and Asia [13]. For some countries, 



the prevalence of stunting among children was higher than 50%, including Burundi (63%), Afghanistan 

(59%), Yemen (58%), Timor-Leste e Niger (55%), Guatemala (54%), Malawi (53%), Rwanda (52%), and 

Angola and Ethiopia (51%) [14]. It is currently projected that by 2020, upwards of 142 million children, 

almost 22% of the world’s children, will be stunted [56]. 

While deficits in weight can be recovered, linear growth deficits are less likely to be recovered, 

even with adequate nutriture, especially if the deficit occurs between birth and 2 years of age [13]. A 

study of 228 Brazilian children under 6 years of age who attended a nutrition rehabilitation center 

reported that age at the beginning of treatment affected the likelihood of recovery [57]. Briefly, children 

who were provided optimal nutrition from birth to 12 months were more likely to recover from 

undernutrition than older children. Children 12 to 23 months and 24 months and older were 30% and 51% 

less likely to recover from undernutrition, respectively, than children who were treated up to 12 months. 

In this study, children 24 months and older showed slower rate of recovery and had to be treated longer to 

fully recover from undernutrition [57].   Stunting is a challenge for health professionals as the ability to 

improve height in countries with extreme social and economic hardships, such as North Korea, is 

complicated and often met with little success, despite efforts to improve overall nutrition [58].  Thus, as 

discussed previously, the timing of nutrition on health is critical both in terms of later disease risk as well 

as the ability to recover from nutritional insults. 

Stunted children are far more likely to be short adults and short women are at an increased risk of 

giving birth to low birth weight babies [18, 46]. Further, maternal height and birth weight are positively 

associated with adult height [15], that is, adults whose mothers were short are more likely to have short 

stature, clearly illustrating the cyclical nature of poor nutrition and growth.  There is also evidence that 

being stunted is associated with poor school performance [59-61]. However, it is unclear whether or not 

the cognitive impairment results primarily from being stunted, or from the same underlying factors that 

caused impaired growth, namely inadequate nutritional intake during key periods of neural development 

[16]. One study of Filipino children found that those who were stunted at age 2 performed worse on 

cognitive tests at ages of 8 and 11 years [62]. Also, the more severely stunted children had worse 



outcomes than the less severely undernourished children. More important, children who were stunted at 2 

years performed poorly on the cognitive tests, independent of whether or not they recovered some or all 

of their previous height deficits [62].  Given that stunting is associated with impaired cognitive 

development, poor educational attainment, lower productivity and income, and a greater risk of chronic 

diseases later in life [13, 59], it is important to better understand the mechanisms behind these 

associations to promote sound policies and treatment programs. 

Growth Retardation Is Associated With Obesity  

The relationship between stunting and later risk of chronic diseases, including obesity, is based on 

both epidemiologic and experimental studies that have reported that undernutrition early in life may cause 

metabolic changes that can affect the risk of being overweight or obese [17, 63-67]. Although stunting is 

not a new nutritional problem in many developing countries, obesity has become a public health threat in 

just the last decade or so. The increased prevalence of obesity in developing countries tends to follow a 

dietary shift towards industrialized foods and an overall increase in solid fats and refined carbohydrates 

consumption worldwide [5]. The increased availability and intake of food, globally, may have contributed 

to the reduced prevalence of stunting in some countries, but the intake of quality protein has not increased 

in parallel with energy and it is apparent that stunting remains a serious public health concern. 

Furthermore, the recurrence of infectious diseases is also related to stunting and, in some world regions, 

there has been little progress in preventing such diseases. 

Many developing countries are experiencing the “nutrition transition” where traditional diets are 

replaced by a more Western dietary pattern, richer in fats and added sugars, contributing to a higher 

energy density. It is possible that the combination of metabolic changes caused by early undernutrition 

and the Western diet is driving the association between stunting and obesity. This theory has been 

proposed, for instance, by studies of the Chinese famine [68, 69], that found worse health outcomes for 

those who suffered during the Chinese famine and later consumed a Westernized diet compared to those 

who were exposed to the famine, but consumed a traditional diet. 



The concomitant occurrence of stunting and overweight affects a significant percentage of 

children, although it varies by age and country. In a study with data from four transitional countries 

(Brazil, China, Russia and South Africa), stunted children had 1.7 to 7.7 higher risk of being overweight 

or obese compared to non-stunted children, after adjusting for income [64]. In rural South Africa, for 

instance, while 18% of stunted children younger than 5 years were overweight or obese, the percentage 

decreased for about 5% in children 5 to 9 years and to about 3% in adolescents [70]. Another South 

African study found that about 40% of stunted children were overweight or obese [71].  However, while 

some studies have found significant associations between stunting and overweight, others have not [72].  

The intergenerational relationship between stunting and obesity cannot be stressed enough as the 

coexistence of these two conditions are intimately related to several social and biological variables 

(Figure 2).  A study in Mexico reported that maternal central adiposity was associated with child stunting  

--- INSERT FIGURE 2 HERE --- 

such that a mother with a waist-to-hip ratio (WHR) greater than 0.85 was almost twice as likely to have a 

child who was stunted, although approximately 60% of the risk was attributed to maternal height [73].  In 

Senegal, adolescent girls who were stunted in childhood were more likely to accumulate subcutaneous fat 

on the trunk and arms than non-stunted girls, despite having the same BMI [74].  Finally, a longitudinal 

study in Guatemala was among one of the first to report that stunting was associated with central fat 

distribution [75].  The authors reported that men and women who had been severely stunted as children 

had significantly greater abdominal fatness as adults, even when controlling for total fat mass (FM) and 

other potential confounding factors.  These studies support the hypothesis that stunting increases the risk 

not only for obesity, but also for anthropomorphic phenotypes associated with chronic diseases. 

Still, the controversy is far from settled as a study in Jamaica found that adolescents who were 

stunted at age 2 years were less likely to be overweight than children who were never stunted [76].  The 

authors hypothesized that later growth rates were most likely the primary factor predisposing children to 

overweight.  In South Africa, a study on stunting and obesity found that there was also no clear 

association between a history of undernutrition and later risk for obesity [72].  While these studies were 



sound, the data should be interpreted within the context of the socio-economic milieu in which these 

children live.  Given that the association between stunting and obesity is most often reported in 

transitional countries, where the nutrition transition is creating environmental conditions favorable to 

weight gain, studies in populations not yet exposed to such changes may yield negative results. 

Thus, there is substantial data to suggest that countries with a high prevalence of stunting may 

expect to see an increase in the prevalence of obesity and DRCD in the next few decades.  While part of 

this “epidemiological transition” is due to a decrease in the prevalence of infectious diseases and 

improved sanitation, it is also likely that physiological adaptations to chronic undernutrition may be 

contributing to this shift.  It is important, therefore, to better understand potential mechanisms behind 

these changes. 

Stunting May Cause Metabolic Adaptations 

 Epidemiological studies have reported consistently positive associations between linear growth 

retardation (i.e. stunting) and obesity in many transitional and developing countries [64, 77, 78].  Given 

that obesity is a phenotype that predisposes a person to a number of chronic diseases, it is important to 

understand the physiology behind the link between stunting and obesity.  This is especially relevant when 

one considers that upwards of 150 million people in the world, mostly in developing regions, have not 

reached their genetic potential for height [56] and if the risk for chronic diseases is truly higher compared 

to those who are not stunted, the economic fallout from treating chronic diseases or lost productivity will 

be great. 

 One challenge to studying the long-term effects of stunting is establishing the precise cause(s) of 

stunting.  Simply, an adolescent may be short for his/her age due to chronic protein and/or energy 

restriction in utero that persisted through childhood, multiple infectious diseases that limit nutrient 

absorption and delay growth, frequent periods of protein and/or energy restriction during “critical” 

periods of growth, and so on.  These multiple, and often overlapping, dietary and environmental 

conditions are difficult to assess retrospectively and conducting prospective studies from birth is 

logistically difficult and costly.  Therefore, designing clinical studies to determine why stunting may be a 



predisposing factor for obesity requires a broad assumption that the proximal causes of stunting of 

distributed equally within and across cohorts.  While this is an inherent weakness when studying stunting, 

the impact of antecedent influences on stunting appears to be negligible based on the studies discussed 

below. 

 In 2000, Hoffman et al first reported that children who were stunted (using a cutoff of -1.50 

HAZ) did not show any differences in resting energy metabolism compared to normal height children 

from the same impoverished shantytowns of São Paulo, Brazil [79].  This work contributed to the 

literature on the long-term metabolic outcomes of stunting by essentially refuting the possibility that 

stunted children have a “slower” metabolism or are energetically more conservative than children without 

height deficits.  Yet, aside from the measure of resting metabolism, it was found that stunted children 

exhibited a unique characteristic in terms of specific nutrient metabolism [63].  It was determined that 

stunted children metabolize fat at a lower rate at rest and during the first thirty minutes following a meal, 

but not during the entire post-prandial period (Figure 3).  This  
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difference was completely independent of the two major factors that influence substrate metabolism: prior 

dietary composition and body composition.  A similar study was conducted with adults from the 

Hertfordshire Cohort to determine if metabolic differences existed between those adults who had been 

born with low or high birth weights [80].  Briefly, using stable isotopes, it was found that the low birth 

weight group had a borderline significantly lower rate of fat metabolism compared to the high birth 

weight group, independent of body FM, further suggesting that growth retardation, even in utero, may 

impart permanent metabolic adaptations. Having a low rate of fat oxidation is a well-documented risk 

factor for obesity.  Two large prospective studies reported that adults with low rates of fat oxidation were 

more likely to become obese during a fiver-year period [81, 82].  Still, it is not sufficient to explain the 

relationship between stunting and obesity given the multiple causes of stunting and the relevant genetic 

differences that may exist between individuals of different heights. 



 Conducting a study in wholly different climates and ethnic groups is one means of limiting the 

effect of genetics on variables studied.  Such is the case of anthropologists studying metabolic adaptations 

in the Buryat, an ethnic subgroup of the Mongols in southern Siberia that practices sustenance farming.  

Prior to the fall of the Soviet Union, the Buryat were able to maintain an adequate dietary intake as food 

aid was provided by the Russian government during the winter months when food products were scarce or 

nonexistent.  Following the fall of the Soviet Union, food shipments to the main commercial villages 

stopped and food insecurity increased during extended periods of each year, followed by an increase in 

undernutrition.  The anthropometric outcome of this socio-political shift in food policy was an increased 

number of children and adults who failed to reach their genetic potential for height and an entire 

generation that was shorter than their parents.  This is clearly contradictory to all other societies exposed 

to adequate food access wherein children tend to grow to a height marginally greater than their parents. 

 Recently, anthropologists from Northwestern University conducted a study on the metabolic 

adaptations of the Buryat by comparing resting metabolism and substrate oxidation between those 

members who were of normal height compared to those who were significantly shorter [65].  The Buryat 

who were 1 SD shorter than the control group had a significantly lower rate of fat oxidation compared to 

the taller group.  While the investigators did not control for antecedent diet, the metabolic adaptation was 

independent of FM.  Thus, a metabolic adaption that may predispose adults with short stature to obesity 

was identified in two very distinct geographical and genetic cohorts.  As previously described, there are 

currently over 150 million children worldwide who are growth retarded.  Therefore, if even a small 

percent of these children suffer from permanent metabolic changes, changes that increase their risk for 

DRCD, the potential for an alarming increase in such diseases is staggering. 

Growth Retardation and Fat Distribution 

 Metabolic differences between normal and short stature adults are not necessarily “harmful”, but 

when those differences create a risk for fat deposition under conditions in which positive energy balance 

prevails, then disease risk becomes more real.  The increased deposition of central adipose tissue, 

specifically visceral adipose tissue (VAT), has been associated with DRCD in many studies involving 



both men and women from different racial groups [83-85].  For a person who experienced nutrient 

restriction severe enough to cause growth retardation, a metabolic adaption that favors fat storage is likely 

to be associated with unhealthy FM and fat distribution. 

Growth in utero has been shown to be associated with later body size [86].  One study of over 

10,000 men in England, Scotland, and Wales found a J-shaped relationship existed between birth weight 

and BMI [87].  This pattern is generally consistent with other studies that showed that adults who were 

born with either low or high birth weight had a higher BMI compared to those born with a normal birth 

weight [32, 88].  However, it remained unclear as to whether or not it was the intrauterine environment or 

some environmental factor causing a higher BMI, such as post-natal diet, breastfeeding, or physical 

activity.   

In terms of past exposure to undernutrition and fat distribution, several studies have reported that 

small size at birth is associated with either high a BMI or a high FM, compared to adults or peers of 

normal birth weight (Table 1).  A study of 3,200 adult men in the United Kingdom found that birth 

weight, independent of adult BMI, was negatively associated with WHR [89].  Similarly, Law et al 

reported that WHR was negatively associated with birth weight [90], but it should be stressed that WHR 

is an indirect and inaccurate assessment of central adiposity. Barker et al reported that LBW girls were 

more likely to deposit fat in the upper body, estimated using skinfold measurements [91]. Women with 

short stature, an indication of previous undernutrition, were also more likely to be obese and have higher 

WHR than women of normal stature [92].  Loos et al studied 229 male twin pairs and found that LBW 

was associated with greater abdominal fat and less lean body mass, independent of maternal and genetic 

influences [36]. Similarly, Okosun et al reported that birth weight was negatively correlated with central 

adiposity, a known risk factor for  diabetes, in American children [93]. Kahn et al reported that birth 

weight is associated with higher lean tissue mass, but not higher adipose tissue mass [94]. The fact that 

lean, but not adipose, tissue is directly associated with birth weight suggests that persons born with small 

either develop less lean tissue or deposit more adipose tissue during growth.   Finally, a study of stunted 

adolescents in South Africa found that while there was no association between stunting and adiposity, 



stunted girls were more likely to have excess subcutaneous fat, despite being underweight, compared to 

normal height girls [72]. 

--- INSERT TABLE 1 HERE --- 

With regards to specific components of body composition, in a study of children ages 8-17, those 

who were born small for gestational age had a significantly greater central FM, independent of total FM 

[95].    Other studies have reported a similar association using waist circumference [91] or skinfold 

measures [36] as indicators of central adiposity, but the study by Dolan et al used dual energy x-ray 

absorptiometry (DEXA), a precise method for assessing body fat distribution.   A similar study also found 

that low birth weight was associated with higher central adiposity in Spanish adolescent males [96].  The 

association between birth weight and central adiposity remained statistically significant even after 

controlling for these potential confounding factors, including physical activity and socio-economic status, 

post-natal variables that are known to influence body composition.  One important caveat when 

interpreting the results from this study is that the authors did not statistically adjust for total FM.  The 

importance of controlling for total FM is to dissociate central FM from the high collinearity of total FM, 

allowing for a more thorough understanding of body fat distribution.  In addition, a common limitation to 

both studies was the use of DEXA since abdominal subcutaneous fat cannot be differentiated from 

visceral fat, which is reported to have a high turnover of fatty acids, promoting chronic disease risk.   

Thus, cohort studies using better body composition methods, such as magnetic resonance imaging, are 

warranted to better understand the relationship between birth weight and body fat distribution. 

 At the same time, it is not just a question of the association between birth weight and FM that is 

of importance, but also whether or not birth weight is associated with fat-free mass (FFM). For example, 

a cohort study was conducted with infants born in London in which body composition was measured 

during adolescence, again using DEXA [97].  The results of this study provided new insight into the 

observation that a high birth weight is associated with a high BMI.  Briefly, the authors found that an 

increase in birth weight of 1 SD was associated with a 1.2 Kg increase in FFM, but not FM.  This would 

suggest that the positive relationship between birth weight and BMI is a product of increased FFM and 



not necessarily adiposity.   The health implications of this finding are important given that poor fetal 

growth may result in poor accretion of metabolically active tissue and result in either abnormal substrate 

metabolism (e.g. insulin resistance) or a reduced energetic capacity, increasing the risk for obesity.  This 

is of particular relevance when considering the stunted children from Brazil who were found to have 

lower rates of fat metabolism compared to normal height children.  These children were studied 

longitudinally after the initial metabolic measures were conducted and had their body composition 

measured by DEXA approximately four years later [70].  Not only were the stunted children found to 

have deposited more fat in their central region (broadly defined as the area from the collarbone to the 

pubis), but among stunted children, those who were more stunted deposited more central fat compared to 

those who were less stunted, independent of total body FM (Figure 4). 

--- INSERT FIGURE 4 HERE --- 

 A number of potential mechanisms exist to explain the results discussed above.  It has been 

suggested  that poor fetal growth results from impaired insulin-mediated growth of fetal muscles, thereby 

limiting the normal development of FFM and indirectly promoting the development of FM [98].  In 

addition, it may be that impaired fetal growth is the product of a hormonal milieu that “programs” the 

fetus to conserve energy as fat. Yet, detailed human studies to support this hypothesis are lacking, forcing 

investigators to rely on animal studies to better understand potential mechanisms. 

Conclusions 

Based on the studies presented, it is clear that energy restriction is associated with metabolic 

adaptations that increase the risk for central adiposity and DRCD. However, despite the evidence that 

growth retardation is an independent risk factor for DRCD, it is difficult to separate this association from 

socio-economic status. When one considers the “vicious cycle”, it becomes obvious that the poverty and 

disease relationship will remain intertwined, regardless of whether the disease is infectious or chronic. 

There is also the consideration of economic development as a contributing factor given that recent studies 

have reported a significant impact of diet on the underlying risk for chronic diseases in adults exposed to 

famine in utero. Recall that adults born during the Chinese famine who consumed a Western diet were 



approximately four times more likely to develop T2D than those who continued to consume a traditional 

Chinese diet [69]. 

  Thus, it is the biological tableau upon which current dietary or activity patterns is placed that 

ultimately determines the disease development and/or progression. Despite metabolic adaptations or body 

fat patterns that predispose a growth retarded child to chronic diseases in adulthood, the priority for 

policymakers and scientists remains the promotion of equitable and sustainable access to nutritious foods, 

regardless of economic, religious, or political status, as well as the prevention of famines. To paraphrase 

the British pediatrician James Tanner, MD, “growth is a mirror of the conditions of society” and equal 

attention needs to be placed on the social, as well as the biological, causes and implications of a poor diet. 
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Figure 1: Model depicting the “vicious cycle” of poverty and poor growth. 
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Figure 2: Cycle of poor growth from birth to pregnancy with intergenerational implications.  
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Figure 3: Respiratory quotient at rest and during a three-hour post-prandial period in stunted 
and control children from São Paulo, Brazil. 



 

Figure 4: Relationship between degree of stunting and central fat mass, adjusted for total fat 
mass, in stunted and control children from São Paulo, Brazil. 


