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ABSTRACT 

This thesis outlined a novel operationalization and extension of the thrifty phenotype and 

fetal overnutrition hypotheses, two evolutionary developmental hypotheses stemming from the 

developmental origins of health and disease perspective, for developmental pathways from 

prenatal risk through child growth to early puberty. Support has accumulated for both, but 

previous studies have not clearly determined which hypothesis better predicts early puberty. 

Using the Fragile Families and Child Wellbeing Study (n=4898), the thrifty phenotype and fetal 

overnutrition pathways were tested against each other, separately by sex, and race/ethnicity for 

adrenal, and gonadal pubertal markers. Results indicated that in general, both hypotheses were 

supported. Contrary to hypotheses, the thrifty phenotype pathway did not predict perceived 

pubertal timing better in boys and the fetal overnutrition pathway did not predict perceived 

pubertal timing best in girls. Instead, both pathways predicted puberty equally well between girls 

and boys and the fetal overnutrition pathway stemming from maternal gestational weight gain 

was stronger than the pre-pregnancy BMI pathway. Individual paths of the hypothesized 

pathways were generally supported when analyzed by race/ethnicity group separately, but 

support for the entire pathways were sparse. Implications of this work are that pubertal timing 

may be similarly programmed by restrictive and overnutrition prenatal risks, both should be 

prioritized, and that interventions for maternal gestational weight should be prioritized over 

interventions for pre-pregnancy BMI for reducing rates of early puberty.  
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INTRODUCTION 

Puberty is a set of interrelated biological processes involved in physical and reproductive 

maturation that spans the very beginnings of sexual maturation to the attainment of full sexual 

reproductive capacity and beyond. Puberty is embedded within the developmental period of 

adolescence, but puberty and adolescence are not interchangeable. Broadly, adolescence is the 

transition from childhood to adulthood and concerns the psychological, social and cognitive 

changes associated with adolescence while puberty primarily concerns the significant biological 

and physical changes that teens experience (Dorn et al., 2006; Dorn et al., 2019). The timing of 

puberty is a major evolutionary milestone in the lifespan, and it is characterized by the 

reawakening of the hypothalamic-pituitary-adrenal axis, the hypothalamic-pituitary-gonadal axis, 

and the appearance of secondary sex characteristics. Off timing of puberty, that is, developing 

earlier or later than same sex and aged peers seems to be problematic across an array of domains 

(e.g., achievement, psychosocial, risk behaviors, and health; Copeland et al., 2010; Day et al., 

2015; Dubas et al., 1991; Negriff & Susman, 2011; Patton et al., 2004).  

Furthering the study of puberty may be key to better understanding health trajectories 

throughout the life course (Dorn et al., 2019). Early timing of puberty has been associated with 

poor markers of health in adolescence and non-communicable diseases in adulthood, such as 

type II diabetes, obesity, cardiovascular disease, and reproductive cancers in men and women 

(Day et al., 2015; Jacobsen et al., 2009; Ong et al., 2012; Remsberg et al., 2005). The rise in 

prevalence of type II diabetes, obesity and cardiovascular disease in industrialized populations 

are burdensome and costly public health crises due to their chronicity and difficulty to treat (Kim 

& Basu, 2016). This is in part because type II diabetes, obesity and cardiovascular disease are all 

complex chronic diseases with genetic and environmental determinants across the lifespan, and 
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may also be particularly influenced by intrauterine development (Barker & Bagby, 2005; Hales 

& Barker, 1992; Hruby & Hu, 2015; Tabish, 2007). Given the association between earlier timing 

of puberty and poor adolescent and adult health, studying antecedents of pubertal timing could 

be useful in better predicting and understanding post pubertal health trajectories.  

Sexual maturation and growth are closely related, which suggests that metabolic 

pathways may be in some way shared between somatic and pubertal development (Bulik-

Sullivan et al., 2015; Roth & DiVall, 2016). Although concerning in its own right, the 

associations between earlier pubertal timing and poor health outcomes may be especially 

alarming given that a declining secular trend in the age at pubertal maturation has been reported 

in boys and girls (Euling et al., 2008; Ohlsson et al., 2019). Further, the declining secular trend in 

pubertal timing has been speculated to be coinciding with another costly public health crisis, 

rising rates of childhood obesity (Reinehr & Roth, 2019). A wealth of literature suggests higher 

childhood body mass index (BMI), a proxy for adiposity or fat tissue, is associated with earlier 

timing of puberty and some studies suggest this relationship is causal (Busch et al., 2019; Y. C. 

Chen et al., 2019; Li et al., 2017). Childhood obesity has been similarly associated with type II 

diabetes, coronary heart disease and some cancers (Llewellyn et al., 2016). Importantly, effects 

of pubertal timing on health outcomes generally persist after controlling for BMI or body 

composition (Ohlsson et al., 2020; Remsberg et al., 2005), although taking into account the role 

of pubertal maturation in studies of adolescent health is lacking (Dorn et al., 2006; Dorn et al., 

2019). Nonetheless, considering both pubertal timing and adiposity is important as they may 

contribute independently or jointly to poor health outcomes. 

Pubertal timing and childhood obesity share common genetic, prenatal, birth, and infancy 

risk factors (Bulik-Sullivan et al., 2015; Castillo-Laura et al., 2015; Juul et al., 2017; Lawn et al., 
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2018; Ong et al., 2009; Qiao et al., 2015; Silva et al., 2002; Won Kyoung & Byung-Kyu, 2016). 

Collectively, this indicates that childhood obesity and pubertal timing may operate through 

common developmental pathways from the beginning of the life course. According to the 

developmental origin of health and disease (DOHaD) perspective, pathways stemming from 

prenatal insults may be particularly important for somatic growth and the reproductive axis since 

prenatal insults experienced in utero may permanently program metabolic functioning (Roth & 

DiVall, 2016). Although heritable factors are relevant to the study of pubertal timing (Ge et al., 

2007), in this thesis, I focused only on the prenatal environment and the cascade of postnatal 

changes that follow as these influences are arguably more malleable than heritable factors.  

Previous studies have identified risk factors from the prenatal environment through 

childhood for early puberty, though many studies either investigate prenatal and birth risk factors 

with childhood adiposity or infancy risk factors and childhood BMI in the study of pubertal 

timing (Brix, Ernst, Lauridsen, Arah, et al., 2019; Deardorff et al., 2013; Lawn et al., 2018; Ong 

et al., 2009). Rarely are all these risks investigated in the same study (e.g.; Karaolis-Danckert et 

al., 2009). This is a key limitation of the field, as tracing common developmental pathways is 

important for better understanding and quantifying the relative contributions of each risk factor 

for early pubertal timing. Additionally, no prior investigations have tested the pathway 

longitudinally from the prenatal environment through birth, infancy, and childhood to pubertal 

timing. This is also a key limitation of the pubertal timing literature since lifespan perspectives 

suggest that prenatal risk factors may put into motion a series of downstream consequences that 

cascade across the early life course and culminate in influencing the timing of puberty (Jazwiec 

& Sloboda, 2019). Thus, the current thesis sought to contribute to the literature by examining 

prenatal pathways to earlier puberty including birth, infancy and childhood risk factors using a 
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analytic framework congruent with a lifespan perspective. This work purposed to better 

understand the developmental sequelae of early puberty by contributing a more precise model of 

predicting pubertal timing, and more distally, to better inform the prediction and the prevention 

of the costly public health concerns that are associated with pubertal timing.  

Theoretical Framework: The Developmental Origins of Health and Disease 

Initially arising from the Barker hypothesis, the DOHaD perspective is supported by a 

large body of work that centers on the premise that exposures experienced during intrauterine 

development are consequential for later life health outcomes. The DOHaD is guided by the 

principle that the nutritional, hormonal and metabolic environment provided by the mother may 

permanently program the structure and physiology of the offspring (Barker, 1995; Kwon & Kim, 

2017). Barker first brought attention to this phenomenon by observing and proposing a direct 

link between poor prenatal nutrition and late onset of coronary heart disease in England and 

Wales (Barker & Osmond, 1986). This landmark study showed that prenatal experiences could 

potentially have far reaching effects on adult health and contributed greatly to conceptualizing 

the idea of prenatal programming for adult health. 

Next, I introduce two key hypotheses from the DOHaD perspective that have been 

previously applied to explain trajectories from prenatal insults to obesity and pubertal timing 

(Deardorff et al., 2013; Oken & Gillman, 2003). First, I explain the metabolic mechanism of 

each hypothesis as they were originally posited. Second, I detail their application to pubertal 

maturation. Finally, empirical evidence that supports each hypothesis is explained in further 

detail in the literature review section.  
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The Thrifty Phenotype Hypothesis  

Barker (1990, 1995, 2007) suggested that the fetus uses the prenatal environment as a 

forecast of what postnatal life will be like and then adapts to intrauterine conditions as a means 

to prepare for life outside the womb thereby maximizing chances of survival. Guided by 

principles of developmental plasticity, which suggests early life environments may influence 

later life traits, this mechanism is adaptive when the conditions the fetus experiences in utero 

accurately reflect the postnatal environment. However, the prenatal and postnatal environment 

are not always consistent with each other. Hales and Barker (1992) later put forward the thrifty 

phenotype hypothesis which explains the deleterious health consequences for when prenatal and 

postnatal life conditions do not align. The thrifty phenotype hypothesis originally posited that 

poor fetal and infant growth leads to greater risk of developing insulin resistance and type II 

diabetes in adulthood (Hales & Barker, 1992), and specifically when those children experience a 

postnatal environment that is not marked by similar deprivation. Notably, this hypothesis centers 

on metabolic programming and somatic growth, and has since been expanded to explain the role 

of the prenatal environment for other physiological and behavioral development (e.g., Biro & 

Deardorff, 2013; Deardorff et al., 2013).  

The primary driver of poor fetal growth is poor nutrition, and the major cause of early life 

malnutrition often stems from maternal malnutrition (Barker, 2001). The supply of nutrients 

from the mother is the primary regulator of growth which depends on the mother’s body 

composition and size, nutrient stores, pregnancy diet and transport of nutrients to and across the 

placenta (Bauer et al., 1998). When nutrient demand is greater than the placental supply from the 

mother (i.e., undernutrition), the fetus first becomes catabolic, meaning that it metabolizes its 

own substrates in order to utilize its own energy (Harding & Johnston, 1995). If low availability 

of resources persists, growth rate slows and the fetus begins to lessen its rate of consumption of 
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nutrients in an attempt to increase chances of survival by lowering its metabolic rate (Barker, 

2001). This may then lead to permanent alterations in the structure and function of visceral 

organs (e.g., liver, pancreas) involved in metabolic activity (Hales & Barker, 1992). More 

specifically, these survival mechanisms are associated with metabolic changes like decreased 

glucose oxidation, increased amino acid and lactase oxidation, hypoxemia (low blood oxygen 

levels) and redistribution of blood away from internal organs to the brain (“brain sparing”; 

Cohen et al., 2015; Rudolph, 1984), and changes in the production of fetal and placental 

hormones involved in growth (e.g., increased levels of cortisol and decreased levels of insulin 

and insulin growth factor; Fowden, 1989; Fowden, 1995). Collectively, these changes program 

the fetus for nutritional thrift and put it at higher risk of insulin resistance (Gluckman & Pinal, 

2001; Ravelli et al., 1998). Following these adaptations, the fetus would be adept at surviving in 

postnatal environments that are similarly nutritionally scarce, and an insensitivity to insulin 

would not be so problematic.  

Adaptations programmed in utero may produce unintended consequences when prenatal 

and postnatal conditions are incongruent with each other. A malnourished gestation paired with 

chronic, positive energy balance in postnatal life may trigger glucose intolerance which increases 

the risk of obesity and type II diabetes (Berends et al., 2018; Gluckman & Pinal, 2001; Ravelli et 

al., 1998). This pattern is especially common in non-industrialised populations that are 

transitioning from chronic malnutrition to conditions of nutritonal adequacy or excess, 

urbanization and reduced physical acitvity (Fall, 2001). However, other prenatal insults that 

serve to restrict fetal growth can set off similar metabolic programming and thus result in a thrify 

phenotype even without maternal malnutrition as the originating cause. Smoking during 

pregnancy (SDP) is one such prenatal insult that is associated with growth restriction in the fetus 
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which could potentially contribute to an incongruency between the prenatal and postnatal 

environment in a developed country like the United States (Swanson et al., 2009).  

The Thrifty Phenotype in Relation to Puberty 

Although the thrifty phenotype was initially developed as an explanation for ischemic heart 

disease and later type II diabetes, it has also been usefully applied to the study of pubertal timing 

(Biro & Deardorff, 2013; Deardorff et al., 2013). From an evolutionary perspective, an 

intrauterine environment that impairs growth will prompt the fetus to make adaptations that 

reduce or slow growth in utero and will contribute to programming postnatal physiology by 

biologically instilling the expectation that the postnatal environment will also be impoverished 

(Gluckman & Hanson, 2004). These adaptations prepare the developing organism to (implicitly) 

expect a shorter lifespan and adopt a faster life history strategy, or in other words, to go through 

puberty earlier, reach sexual maturation faster, and to be able to sexually reproduce at a younger 

age (Gluckman & Hanson, 2006a). Those that are prompted to mature early gain the vital 

evolutionary benefit of increasing the probability of passing on genes to the next generation 

through a higher likelihood of producing more offspring, but crucially, this comes at the cost of 

later adult health (Belsky & Shalev, 2016). The adaptations that enable an organism to become 

sexually mature earlier may be the same or similar adaptations that contribute to poor health. 

This cost benefit principle has been referred to as evolutionary “tradeoffs” due to “predictive 

adaptive responses” the organism makes based on its early environment (Gluckman & Hanson, 

2006a, 2006b). In summary, the thrifty phenotype hypothesis suggests that nutritional 

deprivation during pregnancy, as indicated by maternal malnutrition or other prenatal insults 

restricting fetal growth, are further linked to poor adult health via metabolic programming that is 
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exacerbated by a mismatch between the prenatal and postnatal nutritional environment and that 

pubertal timing may be programmed via similar mechanisms. 

The Fetal Overnutrition Hypothesis  

 The United States and much of the western world is currently facing an unprecedented 

problem of over nutrition and excess energy in our evolutionary history. Current Center for 

Disease Control (CDC) estimates are now indicating that 42.4% of adults within the USA are 

obese (Hales et al., 2020). The increased prevalence of obesity in adults means that more 

mothers are likely to provide an intrauterine environment characterized by nutritional excess than 

one that is nutritionally scarce. Thus, a rising number of developing children are likely to have 

experienced an intrauterine environment that is congruent with a nutritionally abundant postnatal 

environment common in industrialized countries. DOHaD perspectives also suggest that prenatal 

environments that are metabolically abundant may lead to poor health in adulthood as well 

(Oken & Gillman, 2003). The fetal overnutrition hypothesis posits that fetuses that experience 

overnutrition prenatally are at increased risk of obesity from birth through the rest of the lifespan 

(e.g., Lawlor et al., 2006; Sauder et al., 2017). Two key prenatal indicators of fetal overnutrition 

that are frequently used in the literature are pre-pregnancy BMI and maternal gestational weight 

gain (GWG). 

 Maternal GWG and pre-pregnancy BMI have largely been considered as similar prenatal 

risks and generally show similar effects on childhood overweight and obesity outcomes 

(Voerman et al., 2019). Nevertheless, they are distinct, and it is important to consider their 

differences. For instance, they differ with regard to timing of risk to the offspring. Maternal 

GWG occurs during pregnancy only, while pre-pregnancy BMI may reflect a combination of risk 

before and during pregnancy. Pre-pregnancy BMI may also reflect shared environmental and 
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genetic influences between mother and offspring more broadly, with about half the variance in 

pre-pregnancy BMI being estimated to be explained by genetic factors (Hong et al., 2017; Perng 

et al., 2019). Maternal GWG has generally been conceptualized as a marker of environmental 

risk that may be, in particular, driven by diet and activity levels during pregnancy but it is also a 

product of changes in biology to the mother (e.g. vascular fat deposition, vascular expansion), 

the placenta and fetal growth (Rasmussen & Yaktine, 2009). Relatedly, maternal GWG has also 

been shown to be under genetic influence with at least 20% of the phenotypic variance reported 

to be explained by heritable maternal genetic variants in a genome wide association study 

(Warrington et al., 2018). Collectively, maternal GWG and pre-pregnancy BMI present similar 

but distinct risks to the fetus and may account for some amount of common genetic variance 

between mother and child, although likely more so for pre-pregnancy BMI. 

Mechanisms by which pre-pregnancy BMI and maternal GWG influence fetal 

programming for later disease are still in need of clarification (Heerwagen et al., 2010), however, 

it is clear that an over-nutritious intrauterine environment is associated with insulin resistance in 

the fetus (Boerschmann et al., 2010; Maftei et al., 2015; Sauder et al., 2017). Obesity in the 

absence of pregnancy is associated with insulin resistance, excess fat cells, dyslipidemia 

(elevated unhealthy fat cells and decreased healthy fat cells) and increased inflammation. 

Pregnancy itself is associated with weight gain, insulin resistance and inflammatory changes 

(Catalano et al., 1998; Denison et al., 2010). Given that obesity and pregnancy are independently 

linked with insulin resistance and inflammatory changes, they may exacerbate each other and 

transmit increased risk for metabolic dysregulation to the fetus (Heerwagen et al., 2010). For 

example, hormones that promote insulin resistance in pregnancy, (e.g., leptin and placental 

growth hormone; McIntyre et al., 2010) may exacerbate the pre-existing inflammation and 
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insulin resistance of obesity. Together, this could lead to greater mobilization of maternal fuel 

stores and transfer of lipids to the fetus. Consequently, this increase in fetal lipid exposure may 

program the liver, skeletal muscle, adipose tissue, brain and pancreas and increase the risk of 

higher adiposity in childhood in the offspring (Heerwagen et al., 2010). 

The Fetal Overnutrition Hypothesis in Relation to Puberty 

The fetal overnutrition hypothesis may be linked to earlier pubertal timing through higher 

childhood adiposity by the same mechanisms described above. Mechanistically, the association 

of childhood adiposity and pubertal timing mentioned earlier may be underpinned by adipose 

tissue, leptin activity and their interaction with the kisspeptin system (Uenoyama et al., 2019). 

Leptin is a key hormone secreted by adipocytes that helps regulate appetite and metabolism, and 

it signals through its hypothalamic receptor to report on levels of fat stores. Animal and later 

human studies suggest there may be a “permissive” fat mass where the feedback from fat stores 

influences the initiation of pubertal onset by stimulating central pulsatile gonadotrophin secretion 

(Ahima et al., 1997). Longitudinal studies in developing children suggest that leptin steadily 

increases during the pre-pubertal period, though a range of leptin levels were reported at pubertal 

onset (Ahmed et al., 1999). Additionally, higher levels of adipose tissue lead to increased 

aromatase activity, and increased conversion of androgens to estrogen may promote earlier 

breast development (Dunger et al., 2005). Thus, there is good evidence that elevated adiposity in 

childhood precedes earlier pubertal timing, and that metabolic processes are key to this 

association. In summary, the fetal overnutrition hypothesis suggests that relative overnutrition 

during pregnancy, as operationalized by high pre-pregnancy BMI and maternal GWG, are linked 

to childhood adiposity via metabolic programming for insulin resistance, and that childhood 
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adiposity subsequently increases the likelihood of early puberty via leptin and kisspeptin 

permissive factors.  

Developmental Trajectories 

Adaptations prompted by prenatal stimuli may put into motion a series of downstream 

consequences that affect birth weight, infancy weight gain, and adiposity throughout childhood 

which have all been found to be associated with the timing of puberty (Ong et al., 2009; Reeves 

& Bernstein, 2008; Won Kyoung & Byung-Kyu, 2016). Thus, studying risks for early puberty 

from the prenatal environment to late childhood may be key to gaining a better understanding of 

which adolescents might mature earlier and ultimately identify those who may be on trajectories 

likely to lead to poor health in adolescence and adulthood.  

Low birth weight and high birth weight may be associated with a trajectory toward earlier 

pubertal timing. A review by Oken and Gillman (2003) identified a sort of paradox of 

birthweight wherein infants born at both ends of the birth weight spectrum are at risk for higher 

adiposity. This paradox is supported by the thrifty phenotype and overnutrition hypotheses. 

Infants born at a higher than average birth weight are at greatest risk to become overweight or 

obese in childhood and adulthood (in line with the overnutrition hypothesis; Sørensen et al., 

1997; Yu et al., 2011). On the other hand, infants born low birth weight are at the greatest risk of 

developing later central obesity, insulin resistance and metabolic syndrome (consistent with the 

thrifty phenotype hypothesis; Biosca et al., 2011; McKeigue et al., 1998; Rich-Edwards et al., 

1997). This may be due in part to accelerated weight gain in infancy (i.e., rapid catch-up weight 

gain), one prominent manifestation of the incongurency between prenatal and postnatal life early 

in the lifespan relevant to the thrify phenotype. 
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Accelerated weight gain occurs within the first couple years of life and is the acceleretion 

of growth beyond a normal rate that typically happens in order to compensate for prior impaired 

intrauterine growth. It is an adaptive mechanism that in the short term increases the infant’s 

chances of survival, although it may have long term consequences (Victora et al., 2001). 

Importantly, accelerated weight gain is predomiantely chracterized by a disproportionate gain of 

fat tissue compared to lean tissue, which possibly may have helped insure future survival amidst 

previous times of intermitent famines (Dulloo et al., 2006; Won Kyoung & Byung-Kyu, 2016), 

but in present times may be problematic and exacerbated when postnatal food supply is more 

regular. The predominant gain of fat tissue is likely promoted by a period of insulin sensitivity 

during infancy that is present in some infants who are born low birthweight (Sole, 2006). Three 

biological regulatory control systems have been suggested as possible explanations for 

accelerated weight gain: 1) An overcompensatory hyperphagic drive (i.e., drive to overeat to 

make up for lost nutrients), 2) a shift in control of the body’s partitioning of energy from lean to 

fat tissue, (i.e., storing more fat tissue for long term storage than for building muscle), 3) An 

increase in efficiency of the body’s metabolic processes through suprressing thermogenesis (i.e., 

less heat or energy production from metabolizing food that would have otherwise burnt more 

calories) which is characteristic of a “thrifty metabolism” (Dulloo et al., 2006). Collectively, 

these systems increase food intake, increase fat storage and reduce the metabolic energy required 

to process food. A combination of these systems likely mediate the rapid accumulation of weight 

that is charactersitic of accelerated weight gain. Thus, accelerated weight gain is one of the key, 

early postnatal manifestations supporting the thrifty phenotype pathway. The manifestation of 

accelerated weight gain illustrates how adaptations prompted by the prenatal environment for 
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short term survival may put into motion a series of downstream consequences that may later 

come at a cost to the organism later in development.   

In summary, there is conceptual reasoning and empirical evidence indicating there may 

be two distinct pathways to obesity and associated health conditions with perhaps more evidence 

to suggest the pathway operating through low birth weight and greater accelerated weight gain is 

particularly risky for adult health outcomes (Oken & Gillman, 2003) and possibly for pubertal 

timing as well. Figure 1 illustrates the conceptual thrifty phenotype pathway (red) and 

overnutrition pathway (blue) linking prenatal insults to childhood adiposity and pubertal timing 

that will be tested in the current thesis. Previous studies have not clearly determined which 

pathway better predicts early puberty. Specifically, it is unknown whether those who are on a 

thrifty phenotype trajectory (i.e., were born low birth weight and experienced accelerated weight 

gain leading to higher childhood adiposity or to earlier puberty directly) or who are on a purely 

overnutrition trajectory (i.e., were born high birth weight and maintained higher weight into 

childhood) are at higher risk for early puberty. Further, the prenatal and early postnatal growth 

risk factors for early puberty mentioned above have been well studied in insolation but have 

seldom been studied in the context of the same model (e.g., Karaolis-Danckert et al., 2009).  

 

 

Testing the relevant risks for pubertal timing in the context of one model will help elucidate the 

relative contribution of each risk factor as well clarify conflicting findings due to a failure to 

account for omitted factors. Given that prenatal exposures may start a developmental cascade of 

Figure 1 Conceptual model of the thrifty phenotype and fetal overnutrition hypotheses applied to pubertal timing.  

Note: The path between child adiposity and pubertal timing is illustrated as purple to show that both pathways may 

operate through child adiposity. 
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risk for earlier puberty, it is worthwhile to test these pathways from an analytic framework 

consistent with a lifespan perspective. Finally, boys and children of both sexes from racial and 

ethnic minority groups have been historically understudied in the study of puberty and more 

studies with their inclusion are needed (Deardorff et al., 2019; Mendle et al., 2019). This is 

particularly needed given that there may be sex and race/ethnicity differences in prenatal 

programming (summarized below). 

Sex Differences in Prenatal Programming 

 Sex differences in intrauterine growth may lead male and female fetuses to weather 

prenatal exposures differently. Sex differences in intrauterine growth may emerge very early on 

in gestation, possibly as early as within the first trimester of pregnancy (Broere-Brown et al., 

2016). Male fetuses grow more rapidly than do female fetuses which means that they undergo 

more cell cycles for the same length of gestation. Given this, they may have greater exposure to 

prenatal insults than females who undergo less cell cycles on average (Aiken & Ozanne, 2013). 

This may lead male fetuses to be particularly vulnerable to prenatal insults associated with 

intrauterine growth restriction (IUGR; e.g. SDP). Further, male fetuses have been considered by 

some to be more vulnerable to prenatal insults generally (DiPietro & Voegtline, 2017; Kraemer, 

2000). On the other hand, female fetuses may be more vulnerable to risks of overnutrition with 

respect to pubertal timing. Several studies generally find more consistent evidence of maternal 

overnutrition predicting earlier timing of puberty in girls (Brix, Ernst, Lauridsen, Arah, et al., 

2019) although other evidence suggests female fetuses are more protected from overnutrition risk 

than are males (Chang et al., 2019). For these reasons, the thrifty phenotype hypothesis may 

better predict how prenatal insults associated with growth restriction may lead to earlier timing 
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of puberty in boys. And the fetal overnutrition hypothesis may better predict the pathway to 

earlier puberty through overnutrition prenatal risks in girls.  

Race/ethnicity Differences in Prenatal Programming 

Race/ethnicity differences in these pathways are far more exploratory. Fetal growth may 

differ by race/ethnicity, although it was not until recently that appropriate standards of fetal 

growth were created for U.S. racial/ethnic minority groups (Buck Louis et al., 2015). Buck Louis 

and colleagues studied 2,334 healthy women with low risk, singleton pregnancies using 

ultrasonography for precise fetal measurement, and found that estimated fetal weight (among 

other fetal anthropometric measures) was significantly different across race/ethnicity by 20 

weeks of gestation after adjusting for maternal age, pre-pregnancy height and weight, 

employment status, marital status, health insurance, income, education and fetal sex. White 

fetuses had the highest estimated weight at the 50th percentile followed by Hispanic, Asian and 

Black fetuses, respectively. Low risk pregnancies were specifically selected in order to remove 

influences that affect fetal growth to yield as unbiased estimates as possible, although these 

estimates may be subject to limitations of sample selection and retention, measurement, and 

possible residual confounding. Notwithstanding these limitations, this evidence suggests that 

race/ethnicity differences may exist in normal fetal growth. While it is not immediately clear 

what may be creating the observed differences, their existence may lead to race/ethnicity 

differences in prenatal programming and may contribute to previously identified race/ethnicity 

phenotypic differences later on in the lifespan (e.g., accelerated weight gain, child BMI, pubertal 

timing).   
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Current Thesis 

The current thesis sought to address the gap in understanding whether the thrifty 

phenotype or fetal overnutrition pathway better predicts early puberty. Both pathways were 

tested in an analytic framework consistent with a lifespan perspective by studying risk factors 

from the prenatal environment to late childhood using longitudinal structural equation modeling 

(SEM) and also considered sex and race/ethnicity differences in these pathways. To those ends, 

the current thesis used The Fragile Family and Child Wellbeing Study (FFCWS), a longitudinal, 

birth cohort study of approximately 5,000 children followed from birth to age 15 to achieve the 

study’s primary aims. The FFCWS has many qualities that made it an optimal sample for 

studying developmental pathways for pubertal timing. Namely, it is a large, racially diverse birth 

cohort containing measures of puberty in both sexes. Families were followed prospectively 

through their child’s life from around the time of birth through infancy, childhood and into 

adolescence. These are key strengths as more longitudinal studies that begin before puberty are 

needed in order to help uncover the origins of disease and conditions associated with puberty 

(Dorn et al., 2019) and more studies of pubertal timing in boys and non-White samples are 

needed (Deardorff et al., 2019; Mendle et al., 2019).  

The remainder of this thesis provides an overview of pubertal development (Chapter 2), a 

detailed literature review for the hypothesized pathways in Figure 1 (Chapter 3), the methods 

(Chapter 4), the results (Chapter 5) and a discussion of the study’s findings and conclusion 

(Chapter 6). 
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PUBERTAL DEVELOPMENT 

Processes of Puberty 

Pubertal development is a complex series of cascading processes driven by the release of 

gonadotropins, gonadal steroids, physical growth hormone and the reactivation of the 

hypothalamic-pituitary-gonadal axis after a period of relative quiescence in the early postnatal 

period (Styne & Grumbach, 2016). There are two major overlapping but distinct biological 

processes that primarily characterize the pubertal transition. The first of which is adrenarche, or 

the awakening of the adrenal glands. This process is characterized by rises in adrenal androgens 

like androstenedione (delta-4A), dehydroepiandrosterone (DHEA), and its sulfate (DHEAS). 

Adrenarche happens in youth around the ages of six to nine and occurs earlier in girls than boys 

(Byrne et al., 2017). Adrenarche drives pubertal changes like oily skin, acne, skeletal maturation, 

and pubic hair growth which is also referred to as pubarche (Dorn et al., 2006).  

The second major cluster of biological activity is gonadarche, or the maturational process 

of the gonads. Gonadarche happens approximately one to two years after adrenarche and is 

responsible for the development of secondary sex characteristics via increased production of sex 

steroids from the gonads. In developing female youth, increased levels of estrogens facilitate the 

development of breast tissue, hip growth and menstruation. In male youth, higher circulating 

levels of testosterone drive testicular development, facial hair growth and voice changes. 

Gonadarche is a more gradual and relatively slow developing process that takes approximately 

four to five years to complete. Gonadarche is similar to adrenarche in that girls start this process 

one year to a year and half earlier than boys do. The first sign of gonadarche in girls is the onset 

of breast development, which is also referred to as thelarche. In boys, the first gonadal event 

typically reported is testicular growth.  
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Measuring Puberty 

 When deciding how to measure pubertal development, the most important concept to 

consider is that the chosen measure is appropriate for the research question by ensuring that the 

specific aspect(s) of puberty measured is/are the most relevant to the study (Dorn et al., 2006). 

There is no single best measure of puberty and even physical examination by a health 

professional, regarded as the gold standard, may be inappropriate for certain study foci (Dorn et 

al., 2006; Mendle et al., 2019). Dorn et al. (2006) recommended that studies examining 

adolescent health use measures of puberty by physical examination when feasible and perceived 

self-report measures when studying social constructs. Next, I review strengths and limitations of 

common measures of puberty in order to contextualize findings summarized in the literature 

review and provide a context for how pubertal timing findings from this thesis could be 

interpreted. 

Physical Exam using Tanner Criteria 

Historically, physicians began using Tanner staging to classify pubertal status of 

developing youth based on breast and pubic hair development in girls and testicular and pubic 

hair development in boys (Marshall & Tanner, 1969, 1970). Tanner staging describes pubertal 

development using a categorization system from 1-5. Tanner Stage 1 indicates no visible signs of 

development and Tanner Stage 5 indicates full physical maturation. Tanner staging can be 

completed by nurses or other medical personnel with training in physical examination methods. 

Despite the gold standard status of the Tanner staging, there are key limitations to this method. 

The original photographs from which the timing norms were based were in black and white. 

They were of 192 White girls and 228 White boys from England in approximately the 1970s who 

were not representative of the British population because they were from very low 
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socioeconomic background and lived in children’s homes, although they were within normal 

limits of growth in stature (Marshall & Tanner, 1969, 1970). Tanner staging can also be assessed 

by administering photographs or other visual depictions of the pubertal stages to youth or parents 

of youth. Separately, or sometimes together, youth and parents of youth report on their own 

maturation or maturation of their child, respectively.  

Physical Examination of Puberty Limitations 

 When assessing breast development during a physical exam, visual inspection may be 

inadequate on its own. Due to the propensity for adipose tissue to accumulate around the breasts, 

developing girls who have overweight or obese BMIs may be misclassified into a more advanced 

Tanner stage (Dorn et al., 2006). One study reported that overweight girls who were only 

assessed visually may be categorized into Tanner stage 2 or 3 when in actuality they should have 

been classified as Tanner stage 1 when compared to areolar staging (Biro et al., 1992). Areolar 

staging involves assessing the contour, pigmentation and diameter of the areola, which is more 

objective and unaffected by excess adipose tissue. However, areolar staging has been conducted 

in very few studies and information about norms are lacking. Dorn and colleagues (2006) 

recommend palpation of breast tissue during physical examinations as it is impossible to discern 

between adipose tissue and breast tissue by visual inspection only, and this distinction is difficult 

even for experienced examiners. The tendency for more advanced breast development to be 

confounded with overweight and obese status in girls due to inaccurate measurement upwardly 

biases associations between elevated adiposity in childhood status with more advanced pubertal 

development or earlier timing. This is an important limitation of the childhood obesity and 

pubertal timing literature (reviewed in Chapter 3). Assessment of testicular development through 

visual inspection during physical exams in boys may also not be sufficient compared to use of 
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palpation. Palpation of testes is recommended over determining male genital stage by visual 

inspection of length and width of the penis and scrotum given previous reports of disagreement 

with objective methods (Dorn et al., 2006).  

Age at Menarche 

Age at menarche (AAM), or the age at first appearance of the menstrual cycle is a 

relatively late gonadal event in girls. AAM is usually measured through self-reported age of 

when menarche began by youth themselves, but it may also be reported by a parent. Despite its 

ease of measurement, AAM has been considered a poor measure of pubertal timing by some 

since it is a late gonadal event and does not truly reflect onset of puberty (Dorn et al., 2006). 

Nonetheless, it is the most widely used measure of pubertal timing in girls and especially in 

studies of large sample sizes (Li et al., 2017). Additionally, AAM has also shown high recall 

reliability, making it a good measure for retrospective assessment (Lundblad & Jacobsen, 2017). 

Notably, there is no corresponding measure in boys, although sometimes age at voice break or 

spermarche is  used (Dorn et al., 2006). 

Pubertal Development Scale 

In addition to Tanner staging, researchers have also commonly used the Pubertal 

Development Scale (PDS; Petersen et al., 1988) most often when physical assessment is not 

feasible or when studying psychosocial phenomena. The PDS is made up of five items for male 

and female youth that assess perceived changes in height, body hair and skin. For female youth 

only, the PDS also assesses breast development and age at the onset of menstruation. Male youth 

are uniquely asked about facial hair and voice deepening. Questions are asked on a 4-point Likert 

Scale from 1-not yet started, 2-has barely started, 3-is definitely underway, and 4-Seems 
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completed for all developmental milestones except menses. Since the PDS is self-reported by 

youth or parents of youth, PDS scores reflect perceived pubertal timing.  

Self-Report of Puberty Limitations  

 Girls who meet criteria for overweight or obese status are also more likely to report more 

advanced breast development. Approximately 38% of girls with obesity compared to 25% of 

girls without, overestimated Tanner breast stage (Bonat et al., 2002). Overestimation of breast 

development by female youth or parents similarly biases the association between puberty and 

adiposity just as in physical examination (Biro et al., 1992). Girls self-report of pubic hair seems 

to be generally consistent with physical examination at all levels of BMI although boys may 

overestimate pubic hair growth regardless of BMI (Bonat et al., 2002). Youth and parents are 

also likely to over report gonadal development in boys (Dorn et al., 2006).  

Hormone concentrations 

Puberty has also been often studied using hormone concentrations from saliva and more 

recently from hair (Grotzinger et al., 2018; Shirtcliff, Dahl, & Pollak, 2009). In particular, 

dehydroepiandrosterone (DHEA), testosterone and estradiol have often been used in the study of 

puberty. Shirtcliff and colleagues (2009) studied agreement across pubertal hormones and reports 

of puberty including the PDS and physical exam. They found that PDS, physical exam and 

hormone measures were generally in agreement with each other which suggests that self-reported 

measures of puberty are adequate when high precision of measurement is not necessary 

(Shirtcliff et al., 2009). Self-reported measures may also be adequate when physical exam is not 

feasible or unavailable.  
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Measuring the Timing of Puberty 

The measures of puberty summarized up until this point are indices of pubertal status at a 

given point in time. These same measures and others can be used to quantify the timing of 

pubertal development. Generally, measures of puberty have been operationalized categorically or 

continuously with respect to an “anchor” (Dorn et al., 2006). For example, some studies 

dichotomize timing into an early and late group or trichotomize timing into an early, an on time 

and a late group based on published norms (Euling et al., 2008; Herman-Giddens et al., 2012) for 

pubertal status measures (e.g., breast development stage, genital stage) or by defining cut off 

values (e.g., ± 1 SD) within samples (Copeland et al., 2010; Ge et al., 2001). Other studies 

regress out age and sex to create a continuous timing variable where higher values represent 

more advanced pubertal development with respect to same age and sex peers (Dorn et al., 2003; 

Ge et al., 2007). In a review of the measurement of puberty in a recent puberty-focused special 

issue of the Journal of Research on Adolescence, Mendle and colleagues (2019) recommended 

creating pubertal timing variables through residuals or standardizing within age bands as 

opposed to creating categories of timing based on norms since published norms are not often up 

to date, do not often have adequate representation of non-white populations and reduce statistical 

power. Thus, this thesis operationalized pubertal timing continuously with respect to age and sex.  

Sex Differences in Puberty 

 Pubertal processes are different in male and female youth as shown by adrenarche and 

gonadarche reported to begin earlier in girls and phenotypic difference in secondary sex 

characteristics (Byrne et al., 2017; Dorn et al., 2006; Mendle et al., 2019). Additionally, 

adrenarche seems to be entirely responsible for the development of pubic hair in girls while 

pubic hair in boys seems to be associated with both increase of testosterone and DHEA which 
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suggests that both gonadarche and adrenarche contribute to the development of pubic hair in 

boys (Dorn et al., 2006). In light of known biological differences in puberty between sexes, 

considering sex differences in the study of puberty is necessary. Thus, the current study proposes 

to analyze developmental trajectories predicting pubertal timing separately by sex.  

Race/ethnicity Differences in Puberty 

Historically, the puberty field has primarily focused on studied girls of European descent 

and because of this, the field’s understanding of certain populations is lacking and basic studies 

describing normative variation in some groups are still needed (Deardorff et al., 2019; Marceau 

et al., 2019; Ramnitz & Lodish, 2013). Most racial ethnic minority groups in the U.S. are 

generally found to mature earlier than White youth, with Black youth starting puberty earliest, 

followed by Hispanic, non-white Hispanic and Asian youth (Braithwaite et al., 2009; Deardorff 

et al., 2014; Euling et al., 2008). Additionally, there is some evidence that race differences in 

puberty are likely products of social inequalities or at least greatly exacerbated by them. A study 

by Deardorff and colleagues (2014) using a sample of girls from the National Longitudinal Study 

of Youth (NLYS) found that Black and Hispanic girls had earlier menarche than White girls, but 

the effects were substantially reduced after controlling for socioeconomic status which indicates 

that these differences are likely driven at least in part by social inequalities. Of particular 

importance to the current thesis, race/ethnicity differences in pubertal timing seem to mirror the 

prevalence of childhood obesity rates by race; Black and Hispanic youth also have higher body 

mass index than their White counterparts (Guerrero et al., 2016; Ramnitz & Lodish, 2013). 

Given that childhood obesity disparities are also likely due in large part to socioeconomic 

inequalities (Rogers et al., 2015) and if the rise of childhood obesity is contributing to early 

timing of puberty (Reinehr & Roth, 2019) then socioeconomic inequalities more broadly may be 
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driving race differences in puberty and more distally could be contributing to adult health 

disparities in the United States.  

Puberty and Health 

In terms of early puberty predicting health risk factors, findings from predominantly 

cross-sectional studies in adolescence (e.g., body fat percentage, abdominal circumference, 

unfavorable blood pressure) generally hold when adjusting for concurrent BMI or body 

composition (Remsberg et al., 2005). This suggests that early puberty may independently 

contribute to health outcomes beyond what is explained by adiposity. Further, independent 

effects of puberty after adjusting for BMI have been shown in samples of Black and White youth 

using a variety of measures of pubertal timing (e.g. menarche, PDS, tanner staging; (Canoy et al., 

2015; Chen & Wang, 2009).  

Puberty has also been shown to independently predict health outcomes in adulthood, 

although whether the effect persists after controlling for adiposity at or around the time of 

puberty tends to depend on the specific health outcome. For example, early menarche has been 

associated with obesity and type II diabetes, but after controlling for childhood adiposity the 

association for type II diabetes weakened slightly and the association with adult obesity was 

greatly attenuated (Cheng et al., 2020; Freedman et al., 2003). In White European men, one 

study showed that earlier age at peak height velocity predicted type II diabetes in adulthood, and 

that the association was similar after adjusting for childhood BMI (Ohlsson et al., 2020), whereas 

a similar study found the association to be largely attenuated after controlling for childhood BMI 

when examining adiposity at 18 years of age and cardiometabolic traits (Bell et al., 2018). 

Overall, there is good evidence that early puberty independently predicts worse health in 

adulthood for some outcomes although more studies are needed to confirm that these 
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associations are not the product of confounding between puberty and adiposity and more 

resolution on how they may vary by sex, pubertal marker and race/ethnicity is needed. 

Pubertal Timing in the Current Thesis 

The current thesis used parent perceived PDS and took into account youth sex and age and 

disaggregated adrenal and gonadal items following guidance from Dorn et al. (2006) and 

Shirtcliff et al. (2009) given that adrenarche and gonadarche function differently across sex. This 

measure of pubertal timing therefore represented perceived pubertal timing relative to other same 

sex youth in the sample (e.g., with relative socioeconomic disadvantage and a diverse 

racial/ethnic makeup). Perceived pubertal timing is different than physical examination of 

puberty and this measure is not ideal for use in studies related to adolescent health (Dorn et al., 

2006). Specifically, perceived pubertal maturation encompasses both physiological changes and 

the social manifestations and meanings of those changes, which may be more likely to tap into 

both physiological and social mechanisms of influence (Beltz et al., 2014; Marceau et al., 2015; 

Shirtcliff et al., 2009). Self- or parent-reported puberty is far more feasible than 

nurse/practitioner reported Tanner Staging which allows for larger, more diverse and 

longitudinal samples to be collected, and this measure has been successfully employed in other 

nationally representative samples (e.g., The National Longitudinal Study of Adolescent to Adult 

Health). The strategy used in the FFCWS is parent-report of the PDS, which assesses parents’ 

perceptions of their youths’ pubertal timing and taps a different aspect of social mechanisms than 

youth self-report would. Parent-reported puberty avoids some of the error associated with 

reporting on one’s own puberty before a child has any understanding of what pubertal changes 

are. For example, there is evidence that younger children and children in earlier stages of puberty 

tend to over-report their pubertal status (Shirtcliff et al., 2009). Overall, the strength of the 
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FFCWS in terms of its measures comprising the developmental pathways of interest here and its 

large racially and ethnically diverse sample outweighs the limitations of this measure of puberty. 

Further, disaggregating this measure into adrenal and gonadal development scores, and using 

age- and sex- specific measures of timing are considered to be the best way to use data such as 

these to create meaningful, informative measures of pubertal timing (Mendle et al., 2019). 
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LITERATURE REVIEW 

The conceptual model in this thesis includes one pathway from key prenatal insults linked 

to restricted fetal growth (e.g. SDP) to test the thrifty phenotype hypothesis and one pathway 

from prenatal insults linked to overnutrition (pre-pregnancy BMI and maternal GWG) to test the 

fetal overnutrition hypothesis. Figure 2 depicts a simplified analytic model for both hypotheses 

as well main effects for key study variables. The pathway for the thrifty phenotype is 

hypothesized to operate from SDP to low birth weight (path 1), low birth weight to accelerated 

weight gain (path 2), and accelerated weight gain to earlier pubertal timing (path 3) or paths 1, 2, 

accelerated weight gain to child BMI (path 4) and child BMI to earlier pubertal timing (path 5) 

or both of these pathways independently. Paths for the fetal overnutrition hypothesis are 

hypothesized to operate from pre-pregnancy BMI or maternal GWG to high birth weight (path 

6), high birth weight to child BMI (path 7) and child BMI to earlier pubertal timing (path 5). I 

will review the evidence for the previously named paths for each hypothesis, beginning with the 

main effects for each key study variable (paths 8-13), and review the evidence of mediating 

pathways for both hypothesized pathways. 
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Figure 2 Simplified analytic model  

Note: Path 5 is illustrated as purple to show that both pathways may operate through the child BMI to pubertal 

timing path.  

Thrifty Phenotype 

Smoking during Pregnancy as a Predictor of Pubertal timing  

In the pubertal timing literature, SDP has been associated with earlier onset of menarche 

(path 8) in many studies (Behie & O'Donnell, 2015; D'Aloisio et al., 2013; Ernst et al., 2012; 

Maisonet et al., 2010; Shrestha et al., 2011; Windham et al., 2008) and later AAM in others 

(Ferris et al., 2010; Windham et al., 2008). A recent meta-analysis concluded that SDP is 

possibly associated with earlier age at menarche in girls and that the risk of early voice break in 

boys slightly increased with smoke exposure, but more cohort studies with boys are needed 

(Chen et al., 2018). One recent study following Chen et. al (2018) found exposure to smoking 

was associated with earlier genital development, pubic hair and voice break in boys and early 

breast development, pubic hair and menarche in girls in a large Danish cohort study (Brix, Ernst, 

Lauridsen, Parner, et al., 2019). Collectively, these studies suggest that SDP may lead to earlier 

timing of puberty and also exemplifies the preponderance of studies on girls with menarche as a 
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pubertal marker and a lacking number of studies in boys, although the latter is improving. 

Additionally, many of the samples are predominantly comprised of individuals of White 

European descent (Behie & O'Donnell, 2015; Brix, Ernst, Lauridsen, Parner, et al., 2019) 

Alcohol use during Pregnancy  

Alcohol use during pregnancy (ADP) is another prevalent form of substance use during 

pregnancy that has been linked to birthweight (Patra et al., 2011). Compared to SDP, the relation 

between ADP and pubertal timing is much less clear in both sexes. Many studies find null results 

of association between ADP and pubertal timing (Brix, Lauridsen, et al., 2019; Shrestha et al., 

2011; Windham et al., 2004). Other studies have found evidence that puberty is delayed but only 

at the high end of the ADP spectrum (e.g., binge drinking; Hakonsen et al., 2014; Robe et al., 

1979). A systematic review concluded that ADP has a delaying effect on age at menarche in girls 

and that reproductive development in boys is affected as evidenced by perturbations in 

testosterone levels, although more work is needed to clarify the direction of effect in terms of 

pubertal timing (Akison et al., 2019). Additionally, inconsistencies including reporting and 

timing of exposure, as well as a narrow range of outcomes studied prevents drawing firmer and 

more generalized conclusions. A recent study following this review, examined an array of 

pubertal markers and found that a combination of several pubertal markers (e.g., axillary hair and 

breast development) was associated with ADP in the first trimester in early puberty in girls (Brix, 

Lauridsen, et al., 2019). However, combining adrenal and gonadal pubertal markers is generally 

not recommended by experts in the puberty field as it conflates the processes of adrenarche and 

gonadarche (Dorn et al., 2006), and it is unclear what an association with a combined measure of 

pubertal timing means especially in the absence of association of individual markers. 
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Some of the mixed findings in the ADP literature may be due to weaker association 

between ADP and intrauterine growth compared to SDP. A meta-analysis and systematic review 

found a dose response relationship between ADP and low birth weight but only when upwards of 

10 grams of pure alcohol/day (i.e. ~ 1 drink/per day); below this point there was no increased 

risk of low birth weight (Patra et al., 2011). Therefore, since the relationship between ADP and 

IUGR may not be as potent as SDP (Reeves & Bernstein, 2008), and seems to only be present at 

higher levels, ADP may not be an ideal prenatal insult for the current conceptualization of the 

thrifty phenotype pathway to earlier puberty. Further, there is mixed evidence of association of 

ADP with childhood adiposity which may also depend on the severity of use (Fuglestad et al., 

2014; Hill et al., 2005). One study reported that growth restriction persists from birth through age 

9, delays of postnatal growth at 12 months and lower body fat percentage at age 9 in offspring 

exposed to heavy ADP when compared to lower use or offspring in a control group (Carter et al., 

2012). Collectively this evidence may suggest that after exposure to ADP postnatal patterns of 

growth may be altered in such a way that is not characteristic of patterns more consistently found 

with undernutrition or SDP. For these reasons, ADP was not considered as a key prenatal insult 

since it may not operate in line with the thrifty phenotype hypothesis but was adjusted for in all 

analytic models. Further sections reviewed associations of SDP and key study variables only. 

Smoking during Pregnancy and Key Features of the Thrifty Phenotype Pathway 

Smoking during Pregnancy as a Predictor of Birth Weight.  

SDP is a salient prenatal insult that may operate in line with the thrify phenotype 

hypothesis to predict low birth weight (path 1). A large literature supports this effect; several 

systematic reviews and meta analyses report a reduction in fetal size and birth weight after SDP 



 

41 

with many studies identifying a dose response relationship between cigarettes smoked and birth 

weight (Abraham et al., 2017; Pereira et al., 2017; Quelhas et al., 2018). Further, the effect of 

SDP has been shown to persist after controlling for genetic and familial confounds using various 

measures of SDP and study designs (D'Onofrio et al., 2003; Knopik et al., 2016; Kuja-Halkola et 

al., 2014). Important for the current thesis, effects of SDP also seem to persist after controlling 

for maternal pre-pregnancy BMI (Laml et al., 2000). This suggests that the effect of SDP on low 

birth weight persists when prenatal risks for higher birth weight may also be present (e.g. high 

pre-pregnancy BMI).  

 The mechanism through which SDP may lead to low birth weight is not completely 

understood although there are plausible explanations. For example, tobacco smoke is a toxic and 

reactive substance that contains over 5000 chemicals, including nicotine and carbon monoxide 

(Talhout et al., 2011). Nicotine is a highly pharmacologically active compound in smoke and 

together with carbon monoxide may exert a large vasoconstricting effect, meaning that it leads to 

reduced blood flow through the placenta and oxygen supply to the fetus (Banderali et al., 2015; 

Lambers & Clark, 1996). Fetal hypoxia may then cause IUGR (Ream et al., 2008) which is one 

example of an environmental exposure that may operate in line with the thrifty phenotype 

hypothesis (Swanson et al., 2009). Taken together, evidence of specific mechanistic effects of 

SDP coupled with evidence of non-overlapping effects of pre-pregnancy BMI supports the 

hypothesis that SDP is expected to be operate via the thrify phenotype hypothesis to predict low 

birth weight in the current thesis. 

Smoking during Pregnancy as a Predictor of Accelerated Weight Gain.  

 Following IUGR, infants born low birth weight have a strong propensity to gain weight 

rapidly in the first couple years of life (path 9). Various studies have shown effects of accelerated 
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weight gain in infants following SDP exposure (Conter et al., 1995; Nafstad et al., 1997; Suzuki 

et al., 2011; Suzuki et al., 2012; Vik et al., 1996) and at least one study found there is a dose 

dependent relationship between the number of cigarettes smoked and infancy growth even after 

controlling for maternal GWG, birth weight, and type of feeding during infancy (Mine et al., 

2017). Another study found potential evidence of sex differences using a mixed method that 

showed SDP in boys was more strongly associated with BMI z-score across time (Suzuki et al., 

2012). This is consistent with other work that suggests male fetuses are more sensitive to certain 

prenatal insults, including SDP (Gariepy et al., 2000; Kraemer, 2000). The association between 

SDP and accelerated weight gain has been studied in certain European, Asian and American 

samples (Mine et al., 2017; Nafstad et al., 1997; Suzuki et al., 2012) although study of this effect 

in non-white Americans beyond 5-10% subsamples is lacking (Sowan & Stember, 2000). This is 

important because Black and Hispanic populations may be especially susceptible to negative 

health effects from accelerated weight gain (Andrea et al., 2017). 

Smoking during Pregnancy as a Predictor of Childhood Adiposity.  

 A large literature also supports the association between SDP and childhood adiposity 

(path 10). A systematic review and meta-analysis published in 2008 found evidence that 

exposure to SDP increases the risk for having an overweight BMI in childhood by about 50% 

from 14 studies (Oken et al., 2008). Since then a study using data from the Nurses’ Health Study 

with a sample of 35,370 found SDP to be associated with increased body size in childhood 

between age 5 and 10 even after controlling for pre-pregnancy maternal BMI, paternal BMI, 

maternal GWG, family history of diabetes, paternal smoking, parental education, birth weight, 

gestational age and breastfeeding history (Harris et al., 2013). A more recent systematic review 

and meta-analysis included 64 studies who either evaluated risk of overweight and obesity, 
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higher BMI or both, found that SDP was associated with higher odds of overweight or obesity 

and higher mean BMI in childhood, and that these effects persisted into adulthood when those 

data were available (Magalhães et al., 2019). Additionally, SDP has been associated with 

childhood adiposity as measured by various skin fold thickness measurements and waist 

circumference (Li et al., 2016) which has been less often studied in large samples likely due to 

the feasibility and cost of obtaining body composition data. Overall, this literature shows strong 

support that SDP may be implicated in programming obesity risk in childhood and possibly 

beyond.  

The Thrifty Phenotype Developmental Pathway 

In summary, SDP is presumed to have an effect on earlier timing of puberty via prenatal 

growth patterns and birth weight through an IUGR mechanism possibly due to exposure to 

chemicals contained in tobacco smoke (path 1; da Silva Magalhães et al., 2019; Montgomery & 

Ekbom, 2002). SDP is also associated with growth in infancy (path 9), childhood adiposity, (path 

10) pubertal timing (path 8) and type II diabetes in adulthood in the offpspring which 

collectively suggests that SDP may have a developmental cascade effect across the lifespan 

(Brix, Ernst, Lauridsen, Parner, et al., 2019; Jaddoe et al., 2014; Li et al., 2016; Mine et al., 

2017). I will next detail the relationships of the postnatal features of thrifty phenotype pathway in 

relation to each other and to pubertal timing as the outcome.  

Birth Weight 

Low birth weight has been found to predict earlier pubertal timing (path 14), although it 

also has been shown to predict later pubertal timing (Juul et al., 2017). A recent systematic 

review (Juul et al., 2017) of longitudinal studies found that lower birth weight was associated 
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with earlier menarche in nine out of thirteen studies (Adair, 2001; Behie & O'Donnell, 2015; 

D'Aloisio et al., 2013; Dossus et al., 2012; Karaolis-Danckert et al., 2009; Kelly et al., 2017; 

Romundstad et al., 2003; Sloboda et al., 2007; Sorensen et al., 2013). Three studies showed a 

null association of birth weight (dos Santos Silva et al., 2002; Maisonet et al., 2010; Terry et al., 

2009) and one study showed that higher birth weight was associated with an ealier timing of 

menarche (Wang et al., 2012). Importantly, one of the studies that found a null association 

between low birth weight and menarche initially found that low birth weight was associated with 

early onset of menarche, but when growth in infancy between zero and two years of age was 

included the effect became reversed (higher birth weight predicted earlier menarche) before 

eventually becoming null when growth between two and seven years was included (dos Santos 

Silva et al., 2002). This shows that growth in infancy may mediate the association between low 

birth weight and earlier age of menarche (reviewed in more detail below) and including 

childhood growth variables are important in the study of pubertal timing. Notably, most of the 

studies in the literature summarized above are comprised of white samples of european ancestry 

(Juul et al., 2017). 

In terms of studies examining the association between birth weight and pubertal markers 

besides menarche, results are generally consistent although somewhat lacking in number for 

boys. A recent meta-analysis of eight studies of fetuses born low birth weight using various 

markers of puberty found that there is some evidence that low birth weight may be associated 

with earlier puberty in girls (Deng et al., 2017), although for boys, a subgroup analysis did not 

indicate earlier pubertal onset. Another study found an association between low birth weight and 

timing of growth spurt when girls and boys were analyzed together while controlling for 

accelerated weight gain between zero and two years of age, but not for age at peak height 
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velocity (Karaolis-Danckert et al., 2009). However, given sex differences in puberty, girls and 

boys should be analyzed seperately and the findings of the Karaolis-Danckert and colleagues 

study could possibly differ by sex.  

Accelerated Weigth Gain 

Despite mixed associations of low birth weight with pubertal timing, the association 

between low birth weight and accelerated weight gain (path 2) in infants born small for 

gestational age is robust and has been referred to as ubiquitous by some (Hack et al., 1984; Hack 

et al., 2003; Jain & Singhal, 2012). In additon to sex differences in interuterine growth 

mentioned previously, there is also evidence of that these differences persist into infancy 

(Broere-Brown et al., 2016). Some work also suggests growth in infancy may differ by 

race/ethicity with one study showing that Black infants had lower birth weight, faster infant 

weight increase and higher odds of being on a rising BMI trajectory (Bichteler & Gershoff, 

2018).  

In turn, accelerated weight gain has been a key focus of studies on earlier pubertal timing 

(path 3). A meta-analysis found that nine out of nine studies found an effect of greater weight or 

greater change in BMI with earlier AAM (Juul et al., 2017). Researchers have most often 

considered change in weight between birth and two or less than two years of age (Dunger et al., 

2006). For example, one study found that only early weight gain (0-2 months and 2-9 months) to 

be predictive of later adiposity and earlier menarche but relatively later weight gain (9-19 

months) to not be predictive either adiposity or AAM (Ong et al., 2009). Other studies have 

found change in weight between zero and two months and from zero and four months (Houghton 

et al., 2018; Ong et al., 2012) and between 1 and 2 years and between 2 and 5 years of age 

(Wang et al., 2012) to be predictive of earlier menarche. In a recent study that sought to explain 
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discrepancies between mixed directions between SDP and AAM, Houghton and colleagues 

(2018) found that when analyses were stratified by postnatal growth patterns, findings across 

cohorts converged and were related to a seven-month acceleration of menarche in the rapid 

growth group. This study’s findings suggest that the association between exposure to SDP on 

AAM depends on postnatal growth patterns, which may explain heterogeneity in the association 

between birth weight and onset of menarche when accelerated weight is not considered. Similar 

to other areas of puberty research, studies in this area have historically been conducted in girls 

using AAM as an outcome, although more recently, corroborating evidence has been 

accumulating in boys (Aydin et al., 2017; Ong et al., 2012).  

Accelerated weight gain has also been shown to predict higher childhood adiposity (path 

4). Evidence of association between accelerated weight gain and puberty (path 3, reviewed 

above) and the association between child adiposity and early puberty (path 5, reviewed below) 

suggest that accelerated weight gain and childhood adiposity may independently contribute to 

earlier timing of puberty. A recent systematic review synthesized literature on patterns of early 

life growth and later obesity and found that accelerated weight gain was associated with later 

obesity or higher BMI in nine out of ten studies (Andrea et al., 2017). They also concluded that 

this relationship is strongest in studies with higher concentration of racial and ethnic minority 

groups or lower SES samples. 

Childhood Adiposity  

As previously mentioned, higher childhood adiposity has been shown to predict earlier 

timing of puberty (path 5). The puberty literature has primarily relied on child BMI as a proxy 

measure for adiposity in childhood. A greater number of studies have examined the relationship 

between BMI and pubertal timing and fewer with more direct measures of adiposity itself. 



 

47 

Nonetheless, results have generally been consistent. For example, body fat percentage at age 5 

and BMI and waist circumference at age 7 all predicted earlier timing of puberty using the PDS 

at age 9 (Davison et al., 2003). In terms of sex differences, obesity during childhood has 

consistently been found to be a risk factor for early pubertal timing in girls (Lee et al., 2007) with 

mixed evidence and possibly curvilinear effects in boys (Lee et al., 2016; Wang, 2002). Further, 

a meta-analysis provided evidence that obesity may contribute to earlier menarche in girls but 

concluded there was insufficient evidence to make a parallel claim in boys (Li et al., 2017). 

Since then, several studies have found associations with pubertal markers other than AAM, and 

in boys. For instance, one study found evidence of association between higher pre-pubertal BMI 

and earlier age at thelarche, and pubarche in girls (Lawn et al., 2018) and another study in boys 

found evidence that higher pre-pubertal BMI at age 7 predicted more advanced pubertal markers 

including gonadal development, pubic hair, axillary air and earlier peak height velocity (Busch et 

al., 2019). 

Despite fairly strong longitudinal evidence of higher childhood adiposity being associated 

with earlier puberty these findings are correlational in nature, and the causal nature of the 

developmental mechanisms supporting this association remain to be determined (Reinehr & 

Roth, 2019). Recent studies using Mendelian randomization techniques have begun to 

accumulate evidence in favor of a causal direction of the association between adiposity and 

puberty and may be causal in both sexes (Busch et al., 2019; Y. C. Chen et al., 2019). Chen and 

colleagues used a large sample of youth from Taiwan with follow up at age 18 to test the causal 

association between adiposity at 7-10 years of age and puberty at 11-12 years of age. Using self-

reported Tanner stages, AAM in girls and age at voice break in boys they found that the 

instrumental variable for child BMI predicted earlier timing of puberty. Findings from a large 
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Danish birth cohort indicated that higher BMI was causally related to earlier age of voice break 

(Busch et al., 2019). Collectively, these studies indicate that there is good preliminary evidence 

that greater adiposity may cause earlier puberty in certain populations, is particularly strong in 

girls, and may vary by race/ethnicity group.  

Despite strong evidence for the association between adiposity and pubertal timing it should 

be noted that sex differences in childhood adiposity may upwardly bias associations between 

breast development and BMI. As previously mentioned, the accumulation of adipose 

surrounding breast tissue creates the appearance of more advanced development (Biro et al., 

1992; Dorn et al., 2006) although this issue of measurement validity is mostly mitigated by 

palpation in physical exam (Aghaee et al., 2019) and is not a factor when the pubertal marker 

outcome is AAM or another pubertal marker (e.g. pubic hair development)  

 Correspondence between childhood BMI and measures of adiposity have generally been 

found to be moderate to high, although BMI is not a perfect measure of adiposity and is subject 

to some limitations (Javed et al., 2015; Katzmarzyk et al., 2015). For example, the same BMI 

percentile does not correspond to the same level of adiposity at different ages, or across sex and 

race (Flegal & Ogden, 2011). These discrepancies may over or underestimate associations with 

pubertal timing depending on the accuracy of the correspondence to actual adiposity.  

Fetal Overnutrition  

Overnutrition Prenatal Risk as a Predictor of Pubertal Timing 

 Pre-pregnancy BMI is typically obtained from self-reported height and weight during 

pregnancy or perinatally from mothers’ weight prior to becoming pregnant or during early 

pregnancy. Maternal GWG is most typically based on whether the mother gained inadequate, 
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adequate or excessive weight according to IOM guidelines which are recommended based on 

pregnancy BMI (IOM, 2009). Both prenatal risks have been shown to consistently predict earlier 

pubertal timing, and are key indicators implicated in the fetal overnutrition hypothesis. 

Associations between prenatal risks of overnutrition and AAM is well supported in girls 

(Boynton-Jarrett et al., 2011; Deardorff et al., 2013; Keim et al., 2009), and more recent evidence 

is corroborating menarche findings with other markers of puberty (Lawn et al., 2018). Lawn and 

colleagues (2018) found associations between pre-pregnancy BMI and maternal GWG with early 

pubarche and with thelarche and Aghaee and colleagues (2019) also reported associations 

between excessive maternal GWG with early pubarche and with thelarche.  

Boys have been studied less overall, but studies have generally found similar associations 

across sex, although mainly at the high end of the overnutrition risk spectrum (Brix, Ernst, 

Lauridsen, Arah, et al., 2019; Hounsgaard et al., 2014). For example, Hounsgaard et al. (2014) 

found an association of earlier timing of beginning shaving with having a mother with a pre-

pregnancy BMI classified as obese. Earlier age of voice break, acne and first nocturnal emission 

showed a consistent pattern with maternal overweight and obesity, although only at a trend level. 

Brix and colleagues (2019) examined several pubertal markers in a large sample of Danish 11-

year-old girls and boys. In girls, mothers’ overweight and obese pre-pregnancy BMI were 

associated with daughters’ earlier timing of all pubertal markers but one. In contrast, associations 

were mostly only found with mothers’ obese pre-pregnancy BMI (and not overweight) with 

son’s earlier timing, and generally for later stages of adrenal development. In summary, 

associations of overnutrition with puberty in girls is highly consistent and is also fairly consistent 

in boys although associations are more modest and tend to be present only at obese levels of pre-

pregnancy BMI. In terms of race/ethnicity differences for the association between pre-pregnancy 
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BMI and maternal GWG and pubertal timing, Deardorff and colleagues (2013) used the 1979 

National Longitudinal Survey of Youth which comprised a sample of 48% Black, 44% Hispanic 

and 36% White mother daughter pairs and did not find evidence that these exposures differed by 

race/ethnicity. No studies have tested for race/ethnicity differences for this association in boys. 

Overnutrition Prenatal Risks and Features of the Fetal Overnutrition pathway 

Overnutrition Prenatal Risk as a Predictor of Birth weight 

An overwhelming amount of literature suggests that the relationship between pre-

pregnancy BMI is associated with higher infant birth weight ((path 6); Liu et al., 2016; Luke et 

al., 1981; Tyrrell et al., 2016; Yu et al., 2013). One systematic review and meta-analysis 

concluded that in comparison to mothers with a BMI classified in the normal range, pre-

pregnancy overweight or obese status increased the risk of being born high birth weight and 

large for gestational age (Yu et al., 2013). A more recent meta-analysis done in 2016 reported 

similar findings; mothers who had a BMI classified as overweight or obese were at the greatest 

risk of having heavier infants, birthing an infant large for gestational age and at low risk of 

having an infant born small for gestational age (Liu et al., 2016). Additionally, evidence for a 

dose dependent relationship between increasing BMI and infants born large for gestational age 

was found. In terms of maternal GWG, another systematic review and meta-analysis found that 

weight gain in excess of IOM guidelines was associated with a 3% decreased risk of infants born 

small for gestational age and 4% increased risk of infants born large for gestational age 

(Goldstein et al., 2017). Further, a recent study of 33 randomized trials across 16 countries using 

individual participant data found that weight gain above IOM recommendations was associated 
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with twice the odds of having an infant born large for gestational age (Rogozińska et al., 2019). 

Overall, this body of work strongly supports the fetal overnutrition hypothesis at birth.  

Overnutrition Prenatal Risk as a Predictor of Childhood Adiposity 

 Pre-pregnancy BMI and maternal GWG have also been found to be strong predictors of 

childhood adiposity (path 12; Yu et al., 2013). The fetal overnutrition hypothesis posits that 

greater maternal adiposity results in increased risk of obesity throughout life. If this is true, then 

maternal associations with offspring adiposity should be stronger than paternal associations. 

Explicit empirical tests of prenatal metabolic programming effects for the fetal overnutrition 

hypothesis are somewhat mixed although more recent evidence is accumulating in its favor (Mei 

et al., 2018; Sørensen et al., 2016). Some evidence suggests that maternal pre-pregnancy BMI is 

more strongly associated with offspring BMI than is the paternal-offspring association (Lawlor et 

al., 2007; Linabery et al., 2013), whereas others conclude no difference (Lawlor et al., 2008; 

Veena et al., 2013). A systematic published in early 2013 concluded that “limited” evidence 

existed supporting the fetal overnutrition hypothesis, although it was limited to 7 studies (Patro 

et al., 2013). However, later in 2013, Linabery et al. (2013) reported evidence of a stronger 

maternal influence on offspring BMI using longitudinal growth curve modeling to compare 

parental BMI and offspring growth across infancy, which addressed some methodological 

shortcomings of previous studies (Patro et al., 2013). Newer evidence from the Danish National 

Birth Cohort also finds stronger association between maternal pre-pregnancy BMI and child BMI 

from birth through age 7 compared to paternal associations (Sørensen et al., 2016) and so does a 

large sample study from China, although with more modest associations and only until age 2 

(Mei et al., 2018). Overall, there is sufficient evidence to suggest that there may be a 

programming effect of maternal pre-pregnancy BMI on offspring BMI.  



 

52 

The Fetal Overnutrition Developmental Pathway 

Birth weight 

The literature from birth weight to pubertal timing (path 14) has already been covered in 

the Thrifty Phenotype literature section. Briefly, less evidence exists that finds associations 

between high birth weight with earlier timing of puberty than with low birth weight; only one 

study found that higher birth weight was associated with earlier menarche (Juul et al., 2017). 

 In contrast, a large literature supports the association between infants born at a high 

birthweight and higher childhood and adolescent BMI, in line with the fetal overnutrition 

hypothesis (Qiao et al., 2015; Schellong et al., 2012; Yu et al., 2011). Two systematic reviews 

and meta-analyses find evidence of a positive linear relationship between birth weight and 

increased risk of overweight for high birth weight defined as > 3000g and > 4000g infants 

(Schellong et al., 2012; Yu et al., 2011). Additionally, to corroborate evidence from large scale 

studies that have mostly relied on BMI as a measure of adiposity, at least one study has found 

that higher birthweight was related to greater central obesity as measured by waist to hip ratio in 

a sample of Chinese children between the ages of 7 and 17 (Yuan et al., 2015). Most relevant to 

the current thesis, recent work that has specifically examined the effect of high birth weight on 

BMI at around kindergarten age through the second grade found that infants who were born 

heavy had higher BMI at each grade level (Kapral et al., 2018). Importantly, this study had a 

large, nationally representative U.S. sample and adjusted for child sex, race/ethnicity, parental 

education and household income. Additionally, another study examined sex differences for the 

association between birth weight and childhood obesity and found a positive relationship for 

girls and a U-shaped relationship for boys. Overall, this literature shows strong support for the 
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fetal overnutrition hypothesis and suggests that sex differences must be considered (Qiao et al., 

2015). 

Childhood adiposity 

The literature on childhood adiposity and earlier puberty (path 5) has been reviewed in 

the Thrifty Phenotype literature section as this path is identical in the current thesis’ 

conceptualization of both hypotheses. In this literature review thus far, I have summarized 

evidence supporting main effects for the thrifty phenotype and fetal overnutrition hypotheses and 

two pathways for how they might be operationalized across the early lifespan with pubertal 

timing as the outcome. However, it is currently unknown which hypothesis better predicts how 

prenatal insults may lead to earlier timing of puberty. Finding that one pathway better predicts 

how prenatal risk may transmit across the early part of the lifespan could be informative in 

understanding poor later life health trajectories associated with earlier timing of puberty (Dorn et 

al., 2019). I will next review literature that has tested mediation through any part of the two 

pathways as they have been operationalized here. 

Mediation Support for the Thrifty Phenotype and Fetal Overnutrition Hypotheses  

Many studies in this literature conceptualize SDP, pre-pregnancy BMI and maternal GWG 

as prenatal insults that influence offspring to mature early according to DOHaD and evolutionary 

developmental perspectives (Behie & O'Donnell, 2015; Deardorff et al., 2013). Some studies 

have further tested for mediating effects of childhood adiposity and birth weight (Deardorff et 

al., 2013; Lawn et al., 2018), although none have tested the mediating role of accelerated weight 

gain. By far the most commonly tested indirect effect is whether childhood adiposity mediates 

the relationship between prenatal overnutrition risks and pubertal timing (Aghaee et al., 2019; 
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Deardorff et al., 2013; Kubo et al., 2018; Lawn et al., 2018). Deardorff et al. (2013) found no 

evidence for girls pre-pubertal BMI (age 7) mediating the relationship between pre-pregnancy 

BMI and AAM in 2497 mother daughter pairs from the 1979 NLSY. However, Lawn and 

colleagues (2018) found that girls pre-pubertal BMI (age 7.5) fully mediated the relationship for 

both pre-pregnancy BMI and maternal GWG, and AAM in the Avon Longitudinal Study of 

Parents and Children. They also found that pre-pubertal BMI partially mediated the relationship 

between prenatal risk and thelarche, and fully and partially mediated the relationship of pre-

pregnancy BMI and maternal GWG, respectively, for pubarche. In a large sample of 

Scandinavian girls and boys, Brix colleagues (2019) found that prepubertal BMI (age 7) fully 

mediated most pubertal milestones in boys and partially mediated all pubertal milestones in girls 

at overweight or obese levels of maternal pre-pregnancy BMI. Aghaee and colleagues (2019) 

used data from a racially and ethnically diverse Kaiser Permanente Northern California cohort 

and found that maternal GWG that exceeded IOM guidelines was associated with early thelarche 

and pubarche as assessed by physical examination of Tanner stages (with breast palpation), and 

that prepubertal BMI at approximately age 6 attenuated the associations, although they remained 

significant for both puberty outcomes. Overall, this suggests that prepubertal BMI is important to 

the relationship between pre-pregnancy BMI and maternal GWG with pubertal timing but that 

there are likely other factors through which these prenatal risks contribute to programming the 

timing of puberty (Aghaee et al., 2019), and more studies testing this association in boys are 

needed.  

In comparison, less work has tested the mediating effect of childhood BMI for SDP on 

pubertal timing. Brix and colleagues (2019) found that childhood BMI at age 7 slightly 

attenuated the associations between SDP and pubertal markers in girls and boys in a large sample 
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of Danish children. In contrast, Windham and colleagues (2017) found no evidence that child 

BMI between 6-8 years of age mediated the relationship between SDP and pubarche using a 

large ethnically diverse U.S. sample. This initial evidence suggests that prepubertal BMI may be 

important to the pathway from SDP to pubertal timing, but other pathways likely contribute, and 

more research is needed to clarify this.  

In terms of whether birth weight may mediate the relationship between SDP and pubertal 

timing, most studies do not find evidence of mediation despite tests across multiple pubertal 

markers. Deardorff and colleagues (2013) did not find evidence that birth weight mediated the 

relationship between pre-pregnancy BMI and AAM. Attenuation of effects by birth weight was 

also not found for thelarche or pubarche in two studies using Kaiser Permanente Northern 

California data (Aghaee et al., 2019; Windham et al., 2017). Lawn and colleagues (2018) found 

evidence of a small positive indirect effect that birth weight mediated the relationship between 

pre-pregnancy BMI and maternal GWG with AAM, although the direct effect estimates 

remained virtually unchanged. Based on the literature above, there is weak evidence that birth 

weight alone substantially mediates the relationship between pre-pregnancy BMI and maternal 

GWG. No previous studies have tested whether birth weight mediates the relationship between 

SDP and pubertal timing, although Brix and colleagues (2019) explicitly did not test this indirect 

effect because of concerns of collider stratification bias.  

In addition to the mediation effects summarized above, it is important to note the absence 

of studies testing the potential mediating effect of accelerated weight gain between prenatal risks 

associated with growth restriction and pubertal timing. This is a critical gap given the strong 

relations between SDP and accelerated weight gain and accelerated weight gain and pubertal 

timing (Mine et al., 2017; Ong et al., 2009). Further, many studies normally control for key 
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variables like birth weight and child pre-pubertal BMI (Behie & O'Donnell, 2015; Brix, Ernst, 

Lauridsen, Parner, et al., 2019) when testing associations between prenatal risks and puberty but 

fail to adjust for accelerated weight gain which is likely important to quantify since accelerated 

weight gain has been shown independently predict earlier timing of puberty (path 3) in addition 

to childhood BMI (paths 4 & 5; Ong et al., 2009; Reeves & Bernstein, 2008). Only one previous 

study has included birth weight, accelerated weight gain, prepubertal BMI and prenatal risk in 

the same model (Karaolis-Danckert et al., 2009). Karaolis-Danckert and colleagues (2009) found 

independent contributions for birth weight, accelerated weight gain and prepubertal BMI for two 

pubertal outcomes, although maternal overweight status did not predict age at peak height 

velocity and was only present at p <.10 level when prepubertal BMI was added to the AAM 

model. Therefore, there is a shortage of studies that take into account key postnatal risk factors in 

studies examining prenatal influences on pubertal timing, and no studies that have tested multiple 

mediation through more than one postnatal risk factor despite their connection across the early 

part of the lifespan.  

Environmental Influences for Earlier Pubertal Timing 

 Many complimentary theoretical perspectives suggest that pubertal processes may be 

altered by environmental risk. Draper and Harpending (1982) proposed that early experiences in 

the family such as father absence shapes the child’s future reproductive strategy to maximize 

reproductive fitness later in life. Central to Draper and Harpending’s application of modern 

evolutionary theory is the position that children are evolved to be sensitive to the context of their 

early rearing environment and consequently develop particular patterns of behavior and 

psychological orientations that influence their future reproductive strategy. Belsky, Steinberg, 

and Draper (1991) later proposed a more general, evolutionary-developmental, theoretical 
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framework of socialization that explains how distal and proximal psychosocial factors may 

influence a child’s reproductive strategy. Drawing on life history theory, and consistent with 

Draper and Harpending, the theory posits that children may respond to psychosocial cues by 

developing earlier to reach sexual maturity. For example, ecological stressors to the family (e.g. 

scarcity or instability of resources) may indirectly lower parental involvement by increasing 

marital conflict or reducing support and warmth in parent child relationships. According to the 

theory, children may be implicitly prompted by these cues to respond with adopting a faster life 

history which biases toward earlier pubertal timing. Central to these ideas is the hypothesis that if 

an organism is able to reach sexual maturity earlier, they are increasing the likelihood of passing 

on their genes. Accordingly, in contexts characterized by stability and adequate levels of support, 

children should have relatively later pubertal timing (Belsky et al., 1991). Note that a change in 

reproductive strategy and pubertal timing is theorized to be a process that takes place at an 

unconscious level not a conscious decision made by the child. Generally speaking, it follows that 

environmental influences that reflect decreased parental involvement and increased risk of dying 

should bias individuals towards earlier maturation.  

Influences such as father absence, maltreatment, harsh parenting and family contextual 

factors have been presumed to bias children toward earlier maturation, but they have mostly only 

been empirically tested and observed in girls (Deardorff et al., 2011; Ellis & Essex, 2007; Lu et 

al., 2019; Mendle et al., 2011). For example, Mendle and colleagues found that sexual abuse was 

associated with earlier timing of puberty, and physical abuse was related to faster pubertal tempo 

using the PDS in a sample of girls living in foster care. One study using the National Growth and 

Health Study (NGHS) with a sample of approximately 2000 found that white girls in the highest 

quartile of income were least at risk for early menarche but Black girls in the highest quartile 
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were at the most risk of early menarche (Braithwaite et al., 2009). Deardorff and colleagues 

found that father absence assessed at 6-8 years of age predicted earlier breast development as 

measured by visual inspection and palpation when family income status was high (>$50,000) and 

that this effect was strongest in Black girls. A recent meta-analysis of the effect of adverse child 

events (ACEs) on pubertal timing in girls found that there was no overall effect of total ACEs, 

but father absence, sexual abuse and family dysfunction was related to earlier timing of puberty 

in girls (Zhang et al., 2019). Overall, this suggests that the type of environment threat matters, 

father absence and sexual abuse are particularly salient risk for girls, and more research is needed 

in boys and these associations may vary by race/ethnicity group. However, most studies 

investigating prenatal associations with pubertal timing do not control for environmental threat 

(e.g., Deardorff et al., 2013; Lawn et al., 2018). Thus, it is important to consider key postnatal 

environmental influences in the study of prenatal programming of pubertal timing to more 

precisely clarify the lasting effect of the prenatal environment. The current thesis will control for 

these key postnatal influences such as father absence, family socioeconomic status and child 

maltreatment in order to gain clearer and more precise estimation of the thrifty phenotype and 

overnutrition hypotheses. 
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THE CURRENT STUDY 

The current thesis investigated prenatal pathways to early puberty by testing the thrifty 

phenotype and fetal overnutrition hypotheses. First and foremost, it addressed the gap in 

understanding which pathway better predicts early pubertal timing. Furthermore, the current 

study addressed a number of smaller gaps within the extant puberty literature. The current study 

used the FFCWS dataset, which is a large, racially and ethnically diverse, birth cohort that has 

adrenal and gonadal indicators of pubertal development. The current thesis therefore adds to the 

literature a longitudinal investigation of early pubertal timing from prenatal insults through key 

postnatal risk factors within a sample of racially/ethnically diverse, male and female youth using 

parent perceived puberty. 

Research Question 1.  

Do the thrifty phenotype and fetal overnutrition pathways predict earlier puberty equally 

well in boys and girls? 

Hypothesis 1a.   

Each of the paths for the thrifty phenotype pathway will be present (path 1-5) for boys 

and girls. There will be an indirect effect from SDP to pubertal timing through birth weight (path 

1), and accelerated weight gain (path 2) to pubertal timing directly (path 3) as well as an indirect 

effect from SDP to pubertal timing through birth weight (path 1), accelerated weight gain (path 

2), and child BMI (path 4) to early timing of puberty (path 5) for boys and girls. The thrifty 

phenotype pathway will better predict puberty in boys compared to girls.  
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Hypothesis 1b.  

Each of the paths for the fetal overnutrition pathway will be present (paths 6, 7, 5) for 

boys and girls. There will be an indirect effect from pre-pregnancy BMI and maternal GWG to 

pubertal timing through birth weight (path 6) and child BMI (path 7) to pubertal timing (path 5) 

for boys and girls. The fetal overnutrition pathway will better predict puberty in girls compared 

to boys.  

Hypothesis 1c. 

The thrifty phenotype pathway will better predict the pathway to earlier pubertal timing 

within boys and the fetal overnutrition pathway will better predict the prenatal pathway to earlier 

pubertal timing within girls. 

Research Question 2.  

Do the prenatal pathways predict earlier puberty equally well across race/ethnicity? 

Given the relative lack of studies that investigate race/ethnicity differences in many paths 

of the proposed models, this was an exploratory research question with no specific hypotheses 

for each group.  
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METHODS 

Sample Study Description 

Data for the current thesis came from the FFCWS. The FFCWS is a population-based 

birth cohort study comprising six waves of data collection across time. The primary goal of the 

FFCWS was to learn more about the nature of the relationships within “fragile families” in the 

United States. The term “fragile families” refers to unmarried parents and their children to 

emphasize that they are indeed families, that they are at higher risk of union dissolution and that 

they are more likely to live in poverty than more traditional families. To the end of better 

understanding fragile families and the challenges they face, the FFCWS employed a simple 

stratified random sampling technique and oversampled 3 to 1 non-marital births to marital births 

in order to gather a large U.S. representative sample of unwed parents and their children. The 

FFCWS started with 4,898 children born between 1998 and 2000 in 20 large U.S. cities with 

births from 75 hospitals (Reichman, Teitler, Garfinkle, & Mclanahan, 2001). The study design 

resulted in successfully recruiting approximately 3,600 unwed couples and 1,100 married 

couples. The sample of children was 47.80% female. In terms of race/ethnicity, the sample was 

18.07% White, 49.04% Black, 24.90% Hispanic/Latino, 2.63% other, non-Hispanic, and 5.36% 

multiracial based on mother’s race/ethnicity. 

Interview Assessments 

Baseline interviews were conducted primarily in the hospital shortly after the focal 

child’s birth with follow-ups after 1, 3, 5, 9, and 15 years; the 15-year follow-up took place from 

2014 to 2017. Follow-up interviews were conducted over the phone with a variety of in-home 

assessments. The present thesis uses data from baseline, and age 1, 3, 5, and age 9 assessments. 
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Median age at the age 9 assessment, which was when puberty was measured, was 9.33 (M = 

9.39, SD 0.38, range=8.67-11 years of age). Crude attrition rate using mother’s relationship with 

father from the baseline to the year 1 assessment was 11%, attrition from the year 1 to year 3 was 

15%, attrition from the year 3 to year 5 assessment was 18%, and attrition from the year 5 to year 

9 assessment was 35%. Overall attrition from the baseline to age 9 assessment was 30%.  

Medical Birth Record Data 

 For the current thesis, I obtained restricted use medical birth record data from the 

FFCWS in order to use accurate information from the birth hospitalization records for mothers 

and focal children. These data are available for 75% of the sample or 3,684 births (mothers and 

focal children). Medical birth record data were obtained by a member of the FFCWS research 

team who went to each participating hospital and filled in the FFCWS abstraction form from 

hospital records for each FFCWS birth. When there are no medical record data for a given case it 

was for 1 of 3 reasons: (1) The hospital did not permit the FFCWS team to abstract records or 

there were too few cases for it to be financially feasible to collect data at that hospital (38%; 10% 

of the total sample), (2) the mother refused consent (33%; 8% of the total sample), or (3) the 

records could not be located in the hospital (29%; 7% of the total sample). Key variables drawn 

from the medical birth record data for the current study are mother’s pre-pregnancy BMI, 

maternal GWG and infant birth weight and gestational age.  

Measures 

Pubertal Development  

Puberty was reported by the primary caregiver using the PDS (Petersen et al., 1988) at 

age 9. The PDS reports on growth spurt, presence of body hair, and skin changes. Sex specific 
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questions for boys include facial hair growth and voice deepening. In girls, questions about 

breast development and whether or not menstruation had begun were asked. Questions were 

asked on a 4-point Likert Scale from 1-not yet started, 2-has barely started, 3-is definitely 

underway, and 4-Seems completed for all developmental milestones except menstruation which 

was recoded to 1 if menstruation had not yet begun and 4 if menstruation had begun. Adrenal 

and gonadal items were separated into an adrenal PDS score and gonadal PDS score in order to 

capture these key features of pubertal maturation (Shirtcliff et al., 2009). Growth spurt, breast 

development and menarche indexed gonadal development for girls. For boys, growth spurt, voice 

deepening, and facial hair growth indexed gonadal development. In both sexes, pubic/body hair 

and skin changes indexed adrenal development.  

Means and distributions of the adrenal and gonadal PDS items (i.e., indicating pubertal 

status at the time of the age 9 assessment) were examined together and separately by sex. As 

expected, girls overall PDS scores (Mboys = 1.37, SDboys = .29; Mgirls = 1.58, SDgirls =.58) and 

adrenal and gonadal sub scores were higher than boys. Unexpectedly, boys and girls gonadal 

scores, (Mboys = 1.50, SDboys = .37; Mgirls = 1.70, SDgirls =.46) were on average higher than adrenal 

scores, (Mboys = 1.18, SDboys = .35; Mgirls = 1.40, SDgirls =.53), suggesting that some of the items 

were likely reported as more advanced than in reality. Examination of the pubertal markers 

suggested that adrenal PDS scores and gonadal PDS were correlated, r = .35, p <.001, suggesting 

that they represent related yet distinct markers of puberty in this sample. Bivariate correlations 

were also examined between all study variables separately by sex and by adrenal and gonadal 

PDS scores in order to further explore the practicality and value of analyzing the hypothesized 

models separately by pubertal processes (described in more detail below). The descriptive 
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analysis suggested this was worthwhile. Based on this evidence, all models were thus analyzed 

separately by adrenal and gonadal PDS score for both research questions.  

Perceived pubertal timing was operationalized by regressing each score on age (within 

sex), and the residuals were saved in separate adrenal and gonadal pubertal timing (relative to 

same age- and sex- youth) variables for boys and girls (Ge et al., 2007). This measure therefore 

reflects perceived pubertal timing as indexed by primary caregiver’s report of child pubertal 

status relative to other children in the sample where higher values indicate earlier timing for 

adrenal and gonadal pubertal markers separately. See Table 1 for more descriptive statistic 

information for girls and boys and by race/ethnicity group for pubertal markers and all key study 

variables described below. 

Self-reported Prenatal Substance Use 

 Mothers were asked to self-report use of cigarettes, alcohol and drug use during their 

pregnancy at the baseline interview, usually shortly after birth before leaving the hospital. For 

SDP, mothers were given the following response options to report how many cigarettes they 

used per week during their pregnancy: (1) 2 or more packs of cigarettes per day, (2) between 1 

and 2 packs per day, (3) less than 1 pack per day, and (4) none. SDP scores were recoded in 

order for higher values to indicate more cigarette use during the pregnancy, with 0 indicating 

none and 3 indicating 2 or more packs per day. For ADP, mothers were asked to self-report how 

frequently they drank alcohol and were given the following response options to indicate their 

use: (1) every day, (2) several times a week, (3) several times a month, (4) less than once a 

month, and (5) never. ADP scores were recoded in order for higher values to indicate more 

alcohol use during the pregnancy, with 0 indicating none and 4 indicating every day. Other drug 

use during pregnancy (ODP), which included marijuana, cocaine or heroin, followed the same 
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response options as ADP. ODP scores were also recoded in order for higher values to indicate 

more ODP use during the pregnancy. Overall, 19% endorsed smoking during their pregnancies 

with 17% endorsing smoking less than a pack a day. For ADP, 11% of the sample endorsed 

some kind of ADP with 8% endorsing drinking less than once a month. Approximately 6% of the 

sample endorsed ODP with 3% endorsing using another substance less than once a month.  

Medical Record Pre-Pregnancy BMI  

Height and pre-pregnancy weight information was abstracted from medical records, and 

pre-pregnancy BMI was then constructed from these variables as the weight in kilograms divided 

by the square of height in meters (kg/m2) by the FFCWS team. The sample average for pre-

pregnancy BMI was a BMI of 26, which is classified in the overweight category.  

Medical Record Maternal Gestational Weight Gain 

 Maternal GWG was constructed from the difference of pre-pregnancy weight and weight 

at hospital admission for delivery in kilograms and recoded into categories of exceeded, met, and 

below based on IOM guidelines according to the pre-pregnancy BMI by the FFCWS team. 

According to IOM guidelines, mothers with a pre pregnancy BMI of <18.5, 18.5-24.9, 25-29.9 

and ≥ 30 are expected to gain 28-40, 25-35 pounds, 15-25 pounds and 11-20 pounds, 

respectively (IOM, 2009). Overall, 29% of the sample did not gain enough weight to meet IOM 

guidelines, 20% of the sample met the guidelines and 52% exceeded them.  
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Medical Record Birth Weight 

Infant birth weight in grams was abstracted from the birth medical record. Birth weight in 

grams was rescaled into pounds to ensure reasonable variance values relative to other variables 

in model estimation. The mean birth weight for the sample was 7.09 (1.37) pounds.  

Accelerated Weight Gain 

 Accelerated weight gain was calculated as the change between weight-for-age z-score at 

birth to weight-for-age z-score at age 1 using the 2000 World Health Organization growth charts 

(WHO, 2006). Birth weight was abstracted from the medical record and weight at age 1 in 

pounds was reported by the mother. Using these weights and the growth charts, a SAS program 

provided by the Center for Disease Control (CDC) was used to calculate weight-for-age z-scores 

at birth and age 1. Accelerated weight gain was then computed as the change in weight-for-age 

z-score between birth and age 1. The mean change in z-score for the sample was 0.44 (1.76). 

Child Body Mass Index 

Child BMI was calculated as the weight in kilograms divided by the square of height in 

meters (kg/m2) from primary caregiver reported height and weight of the focal child at the age 5 

assessment. BMI z-score was constructed by the FFCWS team using the CDC’s SAS programs 

gc-setup.sas and gc-calculate.sas which corrects for age and sex of the focal child based on the 

2000 CDC growth charts (Kuczmarski et al., 2002). Mean BMI z-score at the age five 

assessment was 0.60 (1.15). Approximately 15% and 8% of the sample had BMIs that would be 

classified as overweight and obese, respectively, per CDC guidance.  
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Covariates 

Medical Record Gestational Age 

 Gestational age at birth was abstracted from the birth medical record and constructed by 

the FFCWS team. Gestational age was a covariate on all key study variables. The average 

gestational age at birth was 38.54 (2.45) weeks. 

Maternal Age 

Mean maternal age was 25.28 (6.04) at the time of the baseline survey. Maternal age was 

a constructed variable from the baseline survey which typically took place before mothers left 

the hospital after delivery. 

Socioeconomic Status 

Socioeconomic status was measured by a combination of total household income, highest 

level of education, material hardship and food insecurity as self-reported by the primary 

caregiver in the core survey at the birth of the focal child, age 1, 3, 5 and 9 assessments. 

Association of socioeconomic variables and data aggregation are described below.  

Household Income 

  Total household income is a constructed variable created by the FFCWS team in each 

wave of the study from primary caregivers self-reported household income in exact dollar 

amount or self-reported income range. When household income was missing, primary caregiver 

household income was supplemented with father report if the couple was married or cohabitating 

or from imputed household income for those who were unable or unwilling to provide an 

estimate of household income. For those that reported a range of household income, the mean 
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value of the income bracket was imputed. If a report of income was otherwise missing household 

income was imputed using Stata’s regression-based impute command based on the following 

covariates: city, age, years of education, race/ethnicity, earnings, immigrant status, employment 

in the last year, hours worked, total adults in the household, reception of welfare and marital 

status.  

Household income was coded into 9 income brackets of: less than $10,000, $10,000-

$14,999, $15,000-$24,999, $25,000-$34,999, $35,000-$49,999, $50,000-$74,999, $75,000-

$99,999, $100,000-$149,999 and above $150,000. Correlation of household income bracket from 

birth of the target through age 9 ranged from r = .43-.68 and had a Cronbach’s alpha of .86. 

Income measures were averaged into a single household income variable. At baseline, 25% of 

the sample was coded into the less than $10,000 income bracket, 11% were in the $10,000-

$14,999 bracket, 19% were in the $15,000-$24,999 bracket, 14% were in the $25,000-$34,999 

bracket, 13% were in the $35,000-$49,999 bracket, 11% were in $50,000-$74,999 bracket, less 

than 1% were in the $75,000-$99,999 bracket, 7% were in the $100,000-$149,999 bracket and 

0% in the above $150,000 bracket. 

Education 

Highest level of education attained was self-reported by the primary caregiver at the time 

of the focal child’s birth with response options of less than high school degree, high school 

degree or equivalent, some college or technical school and college degree or graduate degree. 

Highest level of education at all other study time points assessed past baseline (age 1, 3, 5, 9) 

was constructed from previous waves when primary caregivers did not report any new education, 

training or schooling. Highest educational attainment by the primary caregiver was correlated 

very highly across time, ranging from r = .79-.95. Given the high level of stability, this measure 
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was also averaged across time into a single education attainment variable. At baseline, 35% 

endorsed having less education than a high school degree, 30% endorsed having a high school 

degree or equivalent, 24% endorsed having some college education or technical school, and 11% 

had a college degree or graduate degree.  

Material Hardship 

Four questions derived from the “Basic Needs – Ability to Meet Expenses” section of the 

Survey on Income and Program Participation (SIPP) 1996 Panel Wave 8 Adult Well-Being 

Topical Module Questionnaire (Nord & Nord, 2012) were used to assess degree of material 

hardship at each assessment from the age 1 through the age 9 assessment. These items asked 

primary caregivers about whether they were able to pay their rent or mortgage, were evicted 

from a home or an apartment, were unable to pay any utility bills, and if they themselves or a 

household member needed to see a doctor or go to the hospital but were unable to due to 

financial reasons. The four items assessing material hardship from the age 1 through age 9 

assessment were first summed together within waves and then averaged across time. The 

Cronbach’s alphas ranged from .45 - .50 and correlated with each other r = .25-.43 across waves.  

Food Security 

 The 18 item Household Food Security Module was completed by primary caregivers to 

assess the degree of food security the family had at the age 3 and age 5 assessment (Andrews et 

al., 1999). Items asked questions about whether the primary caregiver worried food would run 

out, if they couldn’t afford to eat balanced meals, whether adults in the household reduced 

portion sizes, skipped meals, did not eat the whole day, children’s meal sizes were cut, and 

whether children had to skip meals or children did not eat the whole day. Higher scores indicate 
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poorer food security status. The 18 food security items were summed at the age 3 and age 5 

assessment, respectively, and then averaged together. Sum scales from the age 3 and 5 

assessment had Cronbach’s alphas of .86 and .88 and correlated with each other r = .46. Average 

food security for the overall sample was 1.15 (2.23).  

Maltreatment 

Child maltreatment was measured by self-report using Parent-Child Conflict Tactics 

Scales (CTSPC) by the primary caregiver at age 5 (Straus, 2007). Specifically, the physical 

assault and psychological aggression subscales was averaged and included as a covariate on 

pubertal timing to index threat in the child’s environment that may act as a fast life history cue 

(Belsky et al., 1991; Mendle et al., 2011). Child maltreatment items were averaged together 

within a wave and averaged over year 3 and 5 assessment. Cronbach’s alphas for the age 3 and 5 

assessment were .58 and .61, respectively and correlated with each other r = .51. Average child 

maltreatment for the overall sample was 1.65 (.94).  

Breastfeeding 

Duration of breastfeeding status was assessed at the year 1 assessment where mothers 

reported how long the focal child was breast fed for. Breastfeeding duration was included as a 

covariate on accelerated weight gain, child BMI and perceived pubertal timing given evidence 

that short duration of breastfeeding may exacerbate accelerated weigh gain and be associated 

with childhood obesity (Carling et al., 2015). Mothers first indicated whether they breastfed their 

child or not at the age 1 assessment, if breastfeeding was indicated they further indicated for how 

long in weeks or months. Duration of breastfeeding was recoded into weeks. If mothers indicated 

that they were still breastfeeding their child, then the length of breastfeeding was equal to the 
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child’s age in weeks at the time of assessment. Average breastfeeding duration for the overall 

sample was 10.61 (15.53) weeks.  

Father Absence  

 Father absence was quantified by using constructed relationship status variables from the 

time of birth of the child, and the age 1, 3, and 5 assessment. If the mother and father were not 

cohabitating at any of these assessments, then the home was considered to be “father absent”. 

Father absence was included as a covariate on perceived pubertal timing only (Belsky et al., 

1991; Deardorff et al., 2011). From baseline to the age 5 assessment, 40%, 43%, 49% and 56% 

of fathers were not cohabitating with the mother and child, respectively. Overall, 63% of fathers 

were considered “absent” because of not cohabitating with the mother at some point in the first 

five years of the child’s life.  

Missing data 

Percentages of missing data from the initial sample of 4,898 for key study variables were 

29% for pubertal timing, 56% for child BMI, 40% for accelerated weight gain, 25% for birth 

weight, 39% for pre-pregnancy BMI, 42% for maternal GWG and <1% for SDP. We tested 

whether key study variables as well as average household income and race/ethnicity group were 

significantly associated with missingness on pubertal timing, child BMI, accelerated weight gain, 

birth weight, pre-pregnancy BMI, maternal GWG, and SDP using a series of Kruskal-Wallace 

tests for continuous variables and chi-square tests for categorical variables.  

Of 48 tests, 15 (31%) reached significance at p < 0.05 (un-adjusted for multiple testing in 

order to conservatively understand potential biases in the data). Children who were missing on 

pubertal timing were more likely to have mothers who smoked during their pregnancies, more 
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likely to have mothers with lower pre-pregnancy BMIs, more likely to have lower household 

incomes and have mothers who identified as Hispanic or as other race/ethnicity. Children who 

were missing on child BMI z-score were more likely to have mothers with lower pre-pregnancy 

BMIs, more likely to have mothers who gained more weight during their pregnancies, have 

lower household incomes and more likely to have mothers who identified as other race/ethnicity. 

Children who were missing on accelerated weight gain were more likely to have mothers who 

gained more weight during their pregnancies, were more likely to have lower birth weights, and 

lower family household income. Children who were missing on birth weight were more likely to 

have mothers who gained more weight during their pregnancies, have higher household incomes 

and more likely to have mothers who identified as Hispanic and as other race/ethnicity. Children 

who were missing on mother’s pre-pregnancy BMI were more likely to have mothers who 

gained more weight during their pregnancies, were more likely to have lower birth weights, to 

have higher accelerated weight gain, have lower household incomes and were more likely to 

have mothers who identified as Black or as other race/ethnicity. Children who were missing on 

maternal GWG were more likely to have mothers who identified as Black or as other 

race/ethnicity. Missingness on SDP was not associated with any key study or demographic 

variables.  
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Table 1 Sample descriptive statistics for study variables 

     

  

Total                   

(n= 4897) 

Boys                   

(n=2556) 

Girls                 

(n=2341) 

Black              

(n= 2326) 

White                       

(n= 1030) 

Hispanic              

(n= 1336) 

Other                    

(n= 194) 

Age at age 9 assessment  9.39 (.38) 9.38 (.38) 9.40 (.38) 9.37 (.38) 9.3 (.33) 9.47 (.39) 9.45 (.46) 

Overall PDS 1.47 (.36) 1.37 (.29) 1.58 (.40) 1.54 (.38) 1.36 (.30) 1.42 (.33) 1.41 (.35) 

Adrenal markers 1.28 (.46) 1.18 (.35) 1.40 (.53) 1.37 (.51) 1.17 (.34) 1.21 (.38) 1.25 (.50) 

Gonadal markers 1.6 (.43) 1.50 (.37) 1.70 (.46) 1.66 (.44) 1.49 (.40) 1.57 (.42) 1.51 (.38) 

Pre-pregnancy BMI 26.23 (6.58) 26.13 (6.39) 26.35 (6.79) 26.97 (7.04) 25.00 (6.30) 26.25 (5.89) 24.38 (6.26) 

Maternal gestational 

weight gain        

Inadequate 29% 28% 29% 32% 22% 27% 27% 

Adequate 20% 20% 20% 17% 24% 19% 28% 

Excessive 52% 52% 51% 51% 53% 52% 44% 

Smoking during 

pregnancy        

None 81% 82% 79% 79% 71% 90% 88% 

<1 pack a day 17% 16% 18% 20% 23% 9% 11% 

2 packs a day 2% 2% 2% 2% 5% <1% <1% 

2 or more packs a day <1% <1% <1% <1% <1% <1% 0% 

Alcohol use during 

pregnancy         

Never 89% 90% 89% 89% 84% 93% 94% 

< Once a month 8% 8% 9% 8% 14% 5% 5% 

Several times a month 2% 1% 2% 2% 2% <1% <1% 

Several times a week <1% <1% <1% <1% <1% <1% 0% 

Everyday <1% <1% <1% <1% <1% <1% 0% 

Other drug use during 

pregnancy         

Never 94% 95% 94% 92% 96% 97% 96% 

< Once a month 3% 3% 3% 4% 2% 2% 2% 

Several times a month 1% 1% 2% 2% <1% <1% 2% 
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Table 1 continued 

Several times a week <1% <1% <1% 1% <1% <1% 0% 

Everyday <1% <1% <1% <1% <1% 0% 0% 

Maternal age at 

delivery 25.28 (6.04) 25.17 (6.02) 25.39 (6.06) 24.56 (5.77) 27.10 (6.48) 24.81 (5.77) 27.18 (6.19) 

Birth weight 7.09 (1.37) 7.19 (1.41) 6.98 (1.31) 6.85 (1.39) 7.31 (1.42) 7.33 (1.26) 7.15 (1.20) 

Gestational age 38.54 (2.45) 38.56 (2.48) 38.52 (2.40) 38.34 (2.65) 38.68 (2.41) 38.79 (2.12) 38.40 (2.06) 

Accelerated weight 

gain 7.13 (1.53) 7.37 (1.55) 6.87 (1.45) 7.30 (1.63) 6.89 (1.33) 7.06 (1.46) 7.10 (1.46) 

BMI_z 0.60 (1.15) 0.59 (1.17) 0.61 (1.14) 0.53 (1.16) .50 (1.21) 0.85 (1.14) 0.39 (1.14) 

Income (median at 

baseline) $15,000-$24,000 $15,000-$24,999 $15,000-$24,999 $15,000-$24,999 $35,000-$49,999 

$15,000-

$24,999 $25,000-$34,999 

Education (median at 

baseline) 

High school or 

equivalent 

High school or 

equivalent 

High school or 

equivalent 

High school or 

equivalent 

Some college or 

technical school 

Less than high 

school 

Some college or 

technical school 

Material needs 0.47 (.58) 0.46 (.58) 0.47 (.57) 0.52 (.56) 0.45 (0.63) 0.41 (.55) 0.40 (.62) 

Food security 1.15 (2.23) 1.21 (2.30) 1.08 (2.14) 1.23 (2.27) 0.81 (1.97) 1.28 (2.30) 0.93 (2.20) 

Maltreatment 1.65 (.94) 1.70 (.95) 1.58 (.92) 1.81 (.94) 1.58 (.88) 1.43 (.93) 1.61 (1.13) 

Breastfeeding 10.61 (15.53) 10.58 (15.65) 10.64 (15.40) 7.97 (13.96) 13.69 (17.01) 12.48 (16.14) 16.96 (16.77) 

Father absence 63% 63% 64% 80% 42% 55% 44% 
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Analytic Strategy 

The current thesis used observed variable path analysis in a structural equation model 

(SEM) framework in order to test study hypotheses. All models were analyzed using Mplus 

software V.8 (Muthén & Muthén, 1998-2017) using the Full Information Maximum Likelihood 

estimator (MLR), which robustly accounts for data missingness and can account for non-

normality of data. Overall model fit of a priori models testing the thrifty phenotype and fetal 

overnutrition hypotheses (described below) was evaluated with RMSEA, CFI, SRMR, and chi-

square values. Per convention, CFI values above 0.95, RMSEA below 0.05, SRMR below 0.05 

and a non-significant chi-square value indicate a well-fitting model and values of RMSEA and 

SRMR between 0.5-.08 indicate fair model (Hu & Bentler, 1998, 1999; MacCallum et al., 1996). 

Wald tests were used to test the relative strength of indirect effects. Additionally, modification 

indices were examined to consider adding parameters to improve model fit and standardized 

residuals were examined for areas of model strain (absolute values above 1.96) if significant 

misfit was indicated.   

Bivariate correlations were examined between all continuous study variables and 

covariates separately for boys and girls for research question 1 and were examined by sex and 

race ethnicity group for research question 2. Bivariate associations at the p < .10 level were 

specified as covariate paths in the hypothesized models. 

Model Specification 

There were two main multi-group SEM models for research question 1: one each for 

adrenal and gonadal PDS scores, with boys and girls modeled as separate groups. There were 

four main multi-group SEM models for research question 2: one each for boys’ and girls’ adrenal 

and gonadal PDS scores, with each race/ethnicity modeled as separate groups. All models were 
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specified as depicted in Figure 2 along with additional direct effects as follows: ADP, ODP, 

maternal age at delivery, household income, maternal education and race/ethnicity group were 

allowed to predict birth weight, accelerated weight gain, child BMI z-score and perceived 

pubertal timing. Additionally, material needs, food security and breastfeeding were allowed to 

predict accelerated weight gain, child BMI z-score and perceived pubertal timing. Finally, child 

maltreatment and father absence were allowed to predict perceived pubertal timing only, for a 

total 65 direct effects in each model. Bivariate associations at the p < .10 level were specified as 

covariate paths in the hypothesized models by child sex for the analysis of research question 1 

and by child sex and race/ethnicity for research question 2 models. See appendices A-H for 

specific model correlations.  

Hypotheses 1a and 1b were tested first on whether the hypothesized direct and indirect 

paths for the thrifty phenotype and overnutrition pathways were absent or present at p < 0.05 and 

in the expected direction. Next, parameter constraints were used to constrain the indirect effects 

to equality for each hypothesized pathway across sex in order to statistically test for sex 

differences in the indirect effects. Specifically, Wald tests were used to determine whether 

specific paths could be constrained to equality with or without a decrement in model fit. In the 

models used to test hypotheses 1a and 1b, there were two hypothesized thrifty phenotype 

pathways and two indicators for the prenatal overnutrition hypothesis pathway. Before testing for 

sex differences, the strongest thrifty phenotype (through accelerated weight gain vs. through 

child BMI) and fetal overnutrition (beginning with pre-pregnancy BMI vs. with GWG) indirect 

effects among boys and girls were determined in order to reduce the number of model 

comparisons. Thus, sex differences between the thrifty phenotype and overnutrition pathways 
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were tested between only the strongest of each pathway (separately for adrenal and gonadal 

markers).  

In the test of hypothesis 1c, constraints were used to identify which pathway was stronger 

within sex (separately for adrenal and gonadal PDS scores) for the thrifty phenotype and 

overnutrition pathway identified as the strongest for hypothesis 1a and 1b.  

The same strategy of first examining the absence/presence of direct and indirect effects 

and then constraining indirect effects to equality was used to examine research question 2, but 

with race/ethnicity as the grouping variable in multi-group SEM models (modeled separately by 

sex). 

In total, there were 65 unique direct effects in each model for research question 1 and 2. 

There were 85 unique direct effects across all the analyses due to overlap in many of the earlier 

pathways (e.g., maternal GWG to birth weight) and some unique paths (e.g., BMI to adrenal 

PDS scores vs. gonadal PDS scores). Given the large number of direct effects, a Bonferroni 

adjusted p-value of 0.00058 was used (0.05/85=0.00058). Mplus only provides p-values to three 

decimal places, however, since most p-values that would be under the adjusted p-value would 

likely round to 0.000, the Mplus cut off of 0.000 was used. Findings that survive this adjustment 

are noted in bold in the corresponding figure for each model. The Mplus cut off may be slightly 

more conservative but findings were interpreted holistically by weighing information based the p 

< .05 significance level cut off, effects sizes, consistency of findings with zero-order correlations 

and internal replication of effects across models within the study.  
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RESULTS 

Preliminary analyses  

Main hypothesized bivariate associations by sex.  

 All bivariate associations of key study variables for the hypothesized pathways were 

present and in the expected directions. SDP correlated negatively with birth weight in boys and 

girls, rboys = -.16, p < .001, rgirls = -.16, p < .001; birth weight correlated negatively with 

accelerated weight gain rboys = -.54, p < .001, rgirls = -.57, p < .001; accelerated weight gain 

correlated positively with child BMI, rboys = .16, p < .001, rgirls = .10, p = .006; accelerated 

weight gain correlated positively with both adrenal, rboys = .15, p < .001, rgirls = .14, p < .001, and 

gonadal PDS scores, rboys = .11, p < .001, rgirls = .12, p < .001 and child BMI correlated 

positively with adrenal PDS scores, rboys = .13, p < .001, rgirls = .08, p = .012 and gonadal PDS 

scores, rboys = .19, p < .001, rgirls = .12, p < .001. 

 Pre-pregnancy BMI correlated positively with birth weight in boys and girls, rboys = .14, p 

< .001, rgirls = .12, p < .001; birth weight correlated positively with child BMI, rboys = .15, p 

< .001, rgirls = .27, p < .001. Maternal GWG correlated positively with birth weight in boys and 

girls, rboys = .27, p < .001, rgirls = .23, p < .001.  

Additionally, pre-pregnancy BMI and maternal GWG were positively correlated although 

only modestly, rboys = .17, p < .001, rgirls = .16, p < .001, thereby permitting them to be included 

in the same model without threat of multicollinearity. See Tables 2 and 3 for correlations among 

study variables in boys and girls.  
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 Table 2 Boys’ study variable correlations 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.25**                                 

3. ADP -.00 -.01                               

4. ODP .03 .02 .28**                             

5. SDP .04 .05* .21** .28**                           

6. 

Maternal 

GWG 

-.00 .00 -.06* -.02 -.08**                         

7. Pre-

pregnanc

y BMI 

.04 .04 -.02 .00 -.05* .16**                       

8. 

Maternal 

age  

-.05* -.03 .12** -.01 .02 .02 .14**                     

9. Birth 

weight 
-.08** -.03 -.07** -.08** -.16** .23** .12** .07**                   

10. 

Gestation

al age 

-.07** -.01 -.03 -.06** -.08** .13** .04 -.03 .71**                 

11. ACC 

weight 

gain 

.14** .12** .08** .05* .11** -.12** -.01 -.06* -.54** -.45**               

12. 

BMI5z 
.08* .12** .00 .01 -.02 .20** .24** .01 .27** .16** .10**             

13. 

Income 
-.06* -.13** -.02 -.12** -.13** .07** -.07** .32** .10** .03 -.10** -.06*           

14. 

Educatio

n 

-.02 -.08** -.02 -.11** -.13** .06* -.02 .35** .05* .01 -.05* -.07* .58**         

15. 

Material 

Needs 

.10** .01 .07** .09** .20** -.03 .08** -.06** -.03 -.01 .07** -.01 -.18** -.05*       

16. Food 

Security 
.04 .03 .04 .08** .09** -.01 .06* -.04 -.02 .02 .04 -.01 -.26** -.15** .36**     

17. 

Maltreat

ment 

.06* .03 .05* .09** .08** -.05 .03 -.13** -.05 .01 .04 .03 -.04 -.01 .21** .15**   

18. 

Breastfee

ding  

-.05* -.10** -.03 -.09** -.16** .05 -.02 .19** .10** .05 -.10** .01 .26** .23** -.04 -.05* -.10** 

                                    

Note * indicates p < .05. ** indicates p < .01. 
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 Table 3 Girls’ study variable correlations 
Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.35**                                 

3. ADP -.01 -.04                               

4. ODP .01 .01 .33**                             

5. SDP .00 .01 .25** .36**                           

6. 

Maternal 

GWG 

.03 .09** -.02 -.08** -.04                         

7. Pre-

pregnanc

y BMI 

.12** .11** -.01 -.04 -.01 .17**                       

8. 

Maternal 

age  

-.00 -.06* .14** .07** .01 .00 .17**                     

9. Birth 

weight 
-.09** .00 -.10** -.17** -.16** .27** .14** .00                   

10. 

Gestation

al age 

-.07* -.00 -.11** -.16** -.09** .19** .05 -.08** .68**                 

11. ACC 

weight 

gain 

.15** .11** .03 .08** .08** -.09** -.03 -.04 -.57** -.46**               

12. 

BMI5z 
.13** .19** -.00 .04 -.02 .16** .26** .03 .15** .00 .16**             

13. 

Income 
-.03 -.10** -.07** -.15** -.19** .07** -.06* .26** .13** .06* -.05* .03           

14. 

Educatio

n 

.03 -.08** -.04* -.10** -.18** .05 .00 .31** .07** .04 -.04 .00 .57**         

15. 

Material 

Needs 

.10** .04 .04 .02 .15** .02 .09** -.06** .03 .06* -.03 .06 -.18** -.06**       

16. Food 

Security 
.01 .04 .06** .09** .10** -.01 .05 -.02 -.03 -.00 .01 .02 -.26** -.17** .33**     

17. 

Maltreat

ment 

.07** .02 .12** .12** .17** .06 .05 -.12** -.01 .01 -.00 .02 -.06* -.03 .20** .11**   

18. 

Breastfee

ding  

-.04 -.08** -.03 -.10** -.17** .01 -.09** .16** .08** .06* -.11** -.02 .25** .20** -.02 -.05 -.13** 

                                    

 

Note. * indicates p < .05. ** indicates p < .01. 
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Main hypothesized bivariate associations by sex and race/ethnicity group 

Black. 

Most bivariate associations were present for key study variables in the hypothesized 

pathways and those that were present were in the expected direction. The exceptions were that 

there was no correlation between child BMI and adrenal PDS scores in boys, rboys = .06, p = .151 

and there was no correlation between accelerated weight gain and gonadal PDS scores in girls, 

rgirls = .05, p = .225. See Tables 4 and 5 for correlations among study variables in Black boys and 

girls.  

White. 

Most bivariate associations of key study variables in the hypothesized pathways were 

present and were in the expected directions. The exceptions were that accelerated weight gain 

was not correlated with child BMI in boys, rboys = -.01, p = .95. Accelerated weight gain was not 

correlated with gonadal PDS scores in boys or girls, rboys = .05, p = .409, rgirls = .07, p = .285, 

respectively. Child BMI was not correlated with adrenal PDS scores in boys, rboys = .13, p = .068. 

Child BMI was not correlated with gonadal PDS scores in boys or girls, rboys = .10, p = .134, rgirls 

= .12, p = .087, respectively. See Tables 6 and 7 for correlations among study variables in White 

boys and girls.  

Hispanic 

 Most bivariate associations of key study variables in the hypothesized pathways were 

present for the Hispanic group and were in the expected directions except for that accelerated 

weight gain did not correlate with gonadal PDS scores in boys, rboys = .09, p = .099, and pre-
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pregnancy BMI did not correlate with birth weight in boys, rboys = .05, p = .261. See Tables 8 and 

9 for correlations among study variables in Hispanic boys and girls.  

Other  

 There were very few bivariate associations for key study variable among the other 

race/ethnicity group. The sparseness of associations was likely due to a comparatively much 

smaller sample size of youth with mother’s who identified as another race/ethnicity with analytic 

samples sizes for the bivariate associations ranging from 35 to 103.  
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Table 4 Black boys’ study variable correlations 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.25**                                 

3. ADP .01 .02                               

4. ODP .03 .00 .37**                             

5. SDP .05 .03 .25** .40**                           

6. 

Maternal 

GWG 

.01 -.04 -.06 -.05 -.10*                         

7. Pre-

pregnanc

y BMI 

.04 .01 -.01 -.02 -.02 .16**                       

8. 

Maternal 

age  

.00 .05 .13** .03 .12** .02 .26**                     

9. Birth 

weight 
-.06 -.01 -.07* -.07* -.13** .26** .15** .07*                   

10. 

Gestation

al age 

-.06 -.02 -.05 -.06 -.05 .11** .04 -.02 .73**                 

11. ACC 

weight 

gain 

.10* .10* .10** .05 .05 -.15** -.04 -.02 -.54** -.47**               

12. 

BMI5z 
.06 .09* .03 .04 -.01 .23** .21** .06 .23** .12** .09             

13. 

Income 
.03 -.06 -.14** -.15** -.20** .07 .03 .20** .10** .04 -.06 .02           

14. 

Educatio

n 

.04 -.04 -.11** -.18** -.17** .04 .06 .25** .09** .05 -.04 -.01 .53**         

15. 

Material 

Needs 

.10** -.00 .10** .06 .14** .00 .13** .06* .03 .05 .01 -.02 -.04 .06*       

16. Food 

Security 
.07 .03 .05 .05 .10** -.02 .03 .02 .00 .05 .02 .03 -.20** -.12** .28**     

17. 

Maltreat

ment 

.06 .00 .05 .04 .06 -.03 -.02 -.11** -.05 .00 .03 .06 .03 .00 .17** .14**   

18. 

Breastfee

ding  

-.03 -.11** -.06 -.08* -.13** .04 .10* .12** .08* .00 -.08 .02 .24** .22** .08* -.03 -.04 

                                    

Note. * indicates p < .05. ** indicates p < .01. 
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Table 5 Black girls’ study variable correlations 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.33**                                 

3. ADP -.01 -.04                               

4. ODP -.00 -.02 .42**                             

5. SDP -.02 -.04 .33** .43**                           

6. 

Maternal 

GWG 

-.01 .08 -.06 -.12** -.09*                         

7. Pre-

pregnanc

y BMI 

.05 .07 .01 -.06 -.03 .17**                       

8. 

Maternal 

age  

.11** .00 .20** .14** .14** -.01 .19**                     

9. Birth 

weight 
-.03 .05 -.16** -.18** -.20** .27** .14** -.11**                   

10. 

Gestation

al age 

-.03 .02 -.15** -.17** -.13** .21** .05 -.16** .72**                 

11. ACC 

weight 

gain 

.10* .05 .06 .09* .11** -.11* -.07 .03 -.55** -.47**               

12. 

BMI5z 
.14** .20** .04 .10* .00 .21** .25** .01 .19** .04 .11*             

13. 

Income 
.09** -.04 -.15** -.18** -.25** .11** -.00 .17** .13** .06 -.04 .08           

14. 

Educatio

n 

.07* .00 -.12** -.14** -.23** .06 .01 .23** .10** .05 -.02 .07 .54**         

15. 

Material 

Needs 

.02 -.01 .01 -.01 .06 .01 .11** -.02 .07* .07* -.05 .11* -.03 .04       

16. Food 

Security 
-.00 -.01 .04 .11** .05 -.06 .03 -.00 -.04 .03 -.03 .03 -.20** -.15** .27**     

17. 

Maltreat

ment 

.03 -.02 .10** .11** .10** .06 .02 -.08* .05 .04 -.01 .04 -.01 -.04 .19** .10**   

18. 

Breastfee

ding  

.01 -.05 -.05 -.11** -.12** .10* -.02 .08* .06 .06 -.06 .01 .27** .23** .07 .03 -.02 

1. 

Adrenal 

markers 

                                  

Note. * indicates p < .05. ** indicates p < .01. 
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Table 6 White boys’ study variable correlations 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.26**                                 

3. ADP -.04 -.05                               

4. ODP -.01 .06 .12**                             

5. SDP .07 .14** .12** .13**                           

6. 

Maternal 

GWG 

.02 .02 -.09 .03 -.12*                         

7. Pre-

pregnanc

y BMI 

.01 -.04 .02 .01 -.14** .13*                       

8. 

Maternal 

age  

-.09 -.12* .16** -.09* -.20** .07 .15**                     

9. Birth 

weight 
-.07 .02 -.02 -.07 -.27** .25** .18** .01                   

10. 

Gestation

al age 

-.03 .01 .02 -.08 -.16** .15** .08 -.08 .71**                 

11. ACC 

weight 

gain 

.20** .05 .10 .05 .27** -.07 -.09 -.04 -.58** -.49**               

12. 

BMI5z 
.13 .10 -.07 -.01 -.02 .25** .27** .00 .35** .27** -.01             

13. 

Income 
-.10* -.20** .10* -.09* -.32** .07 -.03 .48** .07 .05 -.11 -.10           

14. 

Educatio

n 

-.09 -.23** .05 -.09* -.37** .08 .03 .53** .15** .07 -.10 -.00 .62**         

15. 

Material 

Needs 

.03 .05 .04 .12** .31** -.07 -.03 -.25** -.07 -.03 .16** -.02 -.40** -.29**       

16. Food 

Security 
.01 .00 .09 .10* .20** -.03 -.10 -.13** -.01 .01 .03 -.06 -.32** -.19** .58**     

17. 

Maltreat

ment 

-.02 .10 .10 .14** .10* -.07 .00 -.12* -.04 -.03 .06 -.01 -.14** -.15** .19** .20**   

18. 

Breastfee

ding  

.01 -.08 -.04 -.10 -.27** .08 -.09 .22** .10 .09 -.18** .05 .34** .38** -.16** -.11 -.17** 

                                    

Note. * indicates p < .05. ** indicates p < .01. 

 



 

 

8
6
 

Table 7 White girls’ study variable correlations 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.24**                                 

3. ADP -.09 -.03                               

4. ODP -.09 .02 .10*                             

5. SDP .07 .13* .11* .25**                           

6. 

Maternal 

GWG 

.07 .06 .00 .01 .01                         

7. Pre-

pregnanc

y BMI 

.23** .01 -.05 -.04 .03 .05                       

8. 

Maternal 

age  

-.04 -.18** .08 -.03 -.22** .04 .24**                     

9. Birth 

weight 
-.15* -.04 -.07 -.03 -.15** .25** .18** .14**                   

10. 

Gestation

al age 

-.14* .02 .00 -.04 -.05 .15** .04 .08 .64**                 

11. ACC 

weight 

gain 

.24** .07 -.01 -.05 .13* -.13* -.00 -.16** -.64** -.43**               

12. 

BMI5z 
.19** .12 .03 -.07 -.00 .11 .24** .00 .06 -.08 .26**             

13. 

Income 
-.08 -.15** .03 -.14** -.37** .02 -.03 .42** .17** .12* -.09 .01           

14. 

Educatio

n 

-.09 -.20** .05 -.10* -.40** .08 .07 .50** .14** .11* -.15* -.03 .58**         

15. 

Material 

Needs 

.12* .08 .08 .08 .36** .02 .07 -.22** -.04 .03 .00 -.02 -.43** -.32**       

16. Food 

Security 
.03 .05 .13* .03 .26** -.04 -.03 -.09 -.11 -.05 .08 .03 -.39** -.21** .48**     

17. 

Maltreat

ment 

-.02 -.00 .18** .25** .25** .10 -.01 -.11* .08 .09 -.09 -.00 -.15** -.17** .27** .22**   

18. 

Breastfee

ding  

-.05 -.15* .14* -.01 -.26** .02 -.11 .32** .05 .10 -.10 -.06 .35** .39** -.18** -.16** -.15* 

                                    

Note. * indicates p < .05. ** indicates p < .01. 
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Table 8 Hispanic boys’ study variable correlations 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.20**                                 

3. ADP .03 -.06                               

4. ODP -.01 -.01 .12**                             

5. SDP .04 -.01 .20** .16**                           

6. 

Maternal 

GWG 

.00 .15* -.04 -.03 -.04                         

7. Pre-

pregnanc

y BMI 

-.00 .09 -.06 .01 .00 .19**                       

8. 

Maternal 

age  

-.06 .01 .07 -.00 .04 -.03 .08                     

9. Birth 

weight 
-.05 .02 -.12** -.10* -.12** .13** .05 .03                   

10. 

Gestation

al age 

-.10 .03 -.03 -.02 -.05 .15** -.01 -.05 .66**                 

11. ACC 

weight 

gain 

.17** .09 .05 .08 .08 -.05 .03 -.07 -.51** -.37**               

12. 

BMI5z 
.15* .25** -.01 -.04 .04 .11 .24** -.05 .20** .13 .19**             

13. 

Income 
-.02 .04 .03 -.08* -.04 .01 -.09 .13** .04 -.02 -.01 -.09           

14. 

Educatio

n 

-.05 .04 -.01 -.05 -.01 .04 -.02 .20** -.07 -.11** .01 -.04 .45**         

15. 

Material 

Needs 

.09 -.07 .04 .11** .15** -.06 .07 -.04 -.04 -.08 .05 .02 -.13** .04       

16. Food 

Security 
-.05 -.03 -.00 .10* -.00 -.00 .16** .02 -.04 -.03 .04 -.05 -.27** -.15** .33**     

17. 

Maltreat

ment 

.04 -.03 -.00 .08 .10* -.04 .08 -.10* .03 .07 -.01 .11 .04 .04 .23** .09*   

18. 

Breastfee

ding  

-.03 .03 .01 -.07 -.12* .03 -.10 .16** .07 .10 -.03 -.07 -.01 -.00 -.10* -.01 -.08 

                                    

Note. * indicates p < .05. ** indicates p < .01. 
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Table 9 Hispanic girls’ study variable correlations 
Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

                  

1. 

Adrenal 

markers 

                                  

2. 

Gonadal 

markers 

.24**                                 

3. ADP -.09 -.03                               

4. ODP -.09 .02 .10*                             

5. SDP .07 .13* .11* .25**                           

6. 

Maternal 

GWG 

.07 .06 .00 .01 .01                         

7. Pre-

pregnanc

y BMI 

.23** .01 -.05 -.04 .03 .05                       

8. 

Maternal 

age  

-.04 -.18** .08 -.03 -.22** .04 .24**                     

9. Birth 

weight 
-.15* -.04 -.07 -.03 -.15** .25** .18** .14**                   

10. 

Gestation

al age 

-.14* .02 .00 -.04 -.05 .15** .04 .08 .64**                 

11. ACC 

weight 

gain 

.24** .07 -.01 -.05 .13* -.13* -.00 -.16** -.64** -.43**               

12. 

BMI5z 
.19** .12 .03 -.07 -.00 .11 .24** .00 .06 -.08 .26**             

13. 

Income 
-.08 -.15** .03 -.14** -.37** .02 -.03 .42** .17** .12* -.09 .01           

14. 

Educatio

n 

-.09 -.20** .05 -.10* -.40** .08 .07 .50** .14** .11* -.15* -.03 .58**         

15. 

Material 

Needs 

.12* .08 .08 .08 .36** .02 .07 -.22** -.04 .03 .00 -.02 -.43** -.32**       

16. Food 

Security 
.03 .05 .13* .03 .26** -.04 -.03 -.09 -.11 -.05 .08 .03 -.39** -.21** .48**     

17. 

Maltreat

ment 

-.02 -.00 .18** .25** .25** .10 -.01 -.11* .08 .09 -.09 -.00 -.15** -.17** .27** .22**   

18. 

Breastfee

ding  

-.05 -.15* .14* -.01 -.26** .02 -.11 .32** .05 .10 -.10 -.06 .35** .39** -.18** -.16** -.15* 

                                    

Note. * indicates p < .05. ** indicates p < .01. 
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Research Question 1 

In order to test the whether the thrifty phenotype or fetal overnutrition hypotheses were 

present and which predicted perceived pubertal timing better (Research Question 1), two 

multigroup SEM models with sex as the grouping variable were specified for adrenal and 

gonadal pubertal PDS scores as outcomes.  

Main Hypothesized paths by sex 

Adrenal results 

The model for boys’ and girls’ adrenal PDS scores had 65 direct effects, 17 exogenous 

variances and 4 endogenous residuals for boys and girls each, and 102 exogenous covariances 

for girls and 97 exogenous covariances for boys. The model converged normally within the 

default number of iterations, with no Heywood cases present, and was overidentified with 70 

degrees of freedom. The model evinced excellent fit, Chi Square (df) = 68.59 (70), p= .522; 

CFI=.1; RMSEA=.000; SRMR=.011, suggesting that the model fit the data well.  

Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.28, SE = .05, p 

= .000. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.54, SE = .04, 

p = .000. Greater accelerated weight gain predicted higher adrenal PDS scores (earlier pubertal 

timing; path 3), b = .02, SE = .01, p = .045, and greater child BMI, b = .21, SE = .02, p = .000. 

Greater child BMI did not predict pubertal timing (path 5), b = .02, SE = .01, p = .091. Therefore, 

hypothesis 1a was partially supported for boys’ adrenal results. Also as hypothesized, greater 

pre-pregnancy BMI and greater maternal GWG predicted higher birth weight (path 6), b = .02, 

SE = .004, p = .000, b = .18, SE = .03, p = .000, respectively. Higher birth weight predicted 
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greater BMI (path 7), b = .32, SE = .04, p = .000. See full boys’ adrenal results in Figure 3, panel 

A. 

Boys’ adrenal indirect effects 

 There was no thrifty phenotype indirect effect from SDP to pubertal timing through birth 

weight and accelerated weight gain directly (Figure 2 paths 1→2→3; herein referred to as the 

thrifty phenotype through accelerated weight gain pathway), β = .003, SE = .002, p = .058, and 

no indirect effect from SDP through birth weight, accelerated weight gain, and child BMI to 

pubertal timing (Figure 2 paths 1→2→4→5; herein referred to as the thrifty phenotype through 

BMI pathway), β = .001, SE = .001, p = .109. Indirect effects from both pre-pregnancy BMI and 

maternal GWG hypothesized to operate through birth weight, child BMI, to pubertal timing 

(Figure 2 paths 6→7→5, herein referred to as the fetal overnutrition pathways) were also not 

present, β = .002, SE = .001, p = .121, β = .003, SE = .002, p = .110, respectively.  

Girls 

 As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.22, SE = .03, p 

= .000. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.65, SE = .04, 

p = .000. Greater accelerated weight gain predicted higher child BMI, b = .25, SE = .03, p = .000. 

Greater accelerated weight gain predicted higher adrenal PDS scores (earlier puberty; path 3), b 

= .03, SE = .01, p = .026 and so did greater child BMI (path 5), b = .05, SE = .02, p = .006. Also 

as hypothesized, greater pre-pregnancy BMI and excessive maternal GWG predicted higher birth 

weight (path 6), b = .02, SE = .004, p = .000, b = .20, SE = .03, p = .000, respectively. Higher 

birth weight predicted greater BMI (path 7), b = .36, SE = .04, p = .000. See full girls’ adrenal 

results in Figure 3, panel B. 
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Girls’ adrenal indirect effects 

There was an indirect effect from SDP through birth weight, accelerated weight gain, and 

child BMI to pubertal timing (Figure 2 paths 1→2→4→5), β = .002, SE = .001, p = .024, but not 

for the indirect effect from SDP to pubertal timing through birth weight and accelerated weight 

gain directly (Figure 2 paths 1→2→3), β = .004 SE = .002, p = .051. There were indirect effects 

from both pre-pregnancy BMI and maternal GWG hypothesized to operate through birth weight, 

child BMI, to pubertal timing (Figure 2 paths 6→7→5), β = .004, SE = .002, p = .022, β = .005, 

SE = .002, p = .015, respectively.  



 

92 

 

Figure 3 Boys’ and girls’ adrenal results 
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Gonadal results 

The model for boys’ and girls’ gonadal pubertal PDS scores had 65 direct effects, 17 

exogenous variances and 4 endogenous residuals for boys and girls each, and 102 exogenous 

covariances for girls and 97 exogenous covariances for boys. The model converged normally 

within the default number of iterations with no Heywood cases present and was overidentified 

with 70 degrees of freedom. The model evinced excellent model fit, Chi Square (df) = 68.466 

(70), p =.530; CFI=.1; RMSEA=.000; SRMR=.011, suggesting that the model fit the data well. 

Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = .28, SE = .05, p 

= .000. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.54, SE = .04, 

p = .000. Greater accelerated weight gain predicted higher gonadal PDS scores (earlier pubertal 

timing; path 3), b = .02, SE = .01, p = .003 and greater child BMI (path 4), b = .21, SE = .02, p 

= .000. Greater child BMI also predicted higher gonadal PDS scores (earlier pubertal timing; 

path 5), b = .04, SE = .01, p = .002. Also as hypothesized, greater pre-pregnancy BMI and 

excessive maternal GWG predicted higher birth weight (path 6), b = .02, SE = .004, p = .000, b 

= .18, SE = .03, p = .000, respectively. Higher birth weight predicted greater BMI (path 7), b 

= .33, SE = .04, p = .000. See full boys’ gonadal results in Figure 4, panel A. 

Boys’ gonadal indirect effects 

There was an indirect effect from SDP to pubertal timing through birth weight and 

accelerated weight gain directly (Figure 2 paths 1→2→3), β = .004, SE = .002, p = .013, and also 

from SDP through birth weight, accelerated weight gain, and child BMI to pubertal timing 

(Figure 2 paths 1→2→4→5), β = .001, SE = .001, p = .007. There were also indirect effects from 
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both pre-pregnancy BMI and maternal GWG hypothesized to operate through birth weight, child 

BMI, to pubertal timing (Figure 2 paths 6→7→5), β = .003, SE = .001, p = .014, β = .005, SE 

= .002, p = .007, respectively.  

Girls 

 As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.22, SE = .05, p 

= .000. Lower birth weight then predicted greater accelerated weight gain (path 2), b = -.66, SE 

= .04, p = .000. Greater accelerated weight gain predicted higher gonadal PDS scores (earlier 

pubertal timing; path 3), b = .02, SE = .01, p = .047 and also greater child BMI (path 4), b = .26, 

SE = .03, p = .000. Greater child BMI predicted higher gonadal PDS scores (earlier pubertal 

timing; path 5), b = .06, SE = .01, p = .000. Also as hypothesized, greater pre-pregnancy BMI 

and excessive maternal GWG predicted higher birth weight (path 6), b = .02, SE = .004, p = .000, 

b = .20, SE = .03, p = .000, respectively. Higher birth weight predicted greater BMI (path 7), b 

= .36, SE = .04, p = .000. See full girls’ gonadal results in Figure 3, panel D. 

Girls’ gonadal indirect effects 

 There was an indirect effect from SDP through birth weight, accelerated weight gain, 

and child BMI to pubertal timing (Figure 2 paths 1→2→4→5, β = .003, SE = .00, p = .001, but no 

indirect effect from SDP to pubertal timing through birth weight and accelerated weight gain 

directly (Figure 2 paths 1→2→3), β = .004, SE = .002, p = .070. There were also indirect effects 

from both pre-pregnancy BMI and maternal GWG hypothesized to operate through birth weight, 

child BMI, to pubertal timing (Figure 2 paths 6→7→5), β = .006, SE = .002, p = .002, β = .009, 

SE = .002, p = .000, respectively.  
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Figure 4 Boys’ and girls’ gonadal results 
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Determining the strongest pathways 

The formal tests of sex differences (hypotheses 1a and 1b) and the thrifty phenotype vs. 

fetal overnutrition hypotheses within sex (hypothesis 1c) were conducted after determining the 

strongest thrifty phenotype (through accelerated weight gain vs. through child BMI) and fetal 

overnutrition (beginning with pre-pregnancy BMI vs. with GWG) indirect effects among boys 

and girls, in order to reduce the number of model comparisons. This was accomplished using 

model constraints and Wald tests; Wald tests that yield a significant chi-square value when two 

indirect effects are constrained to equality indicates a reduction in model fit and in this case that 

the indirect effects are non-equivalent. The stronger indirect effect was then determined by 

examining and comparing the standardized estimates of the indirect effects.  

Boys’ adrenal  

These comparisons were not made because none of the indirect effects were different 

from zero at the p <.05 significance level.  

Girls’ adrenal  

The Wald test for the thrifty phenotype pathways comparing the size of the indirect from 

SDP through birth weight, accelerated weight gain, and child BMI to pubertal timing (Figure 2, 

paths 1→2→4→5) and from SDP to pubertal timing through birth weight and accelerated weight 

gain directly (Figure 2, paths 1→2→3) yielded a χ2 value of 1.05 (1), p = .306, indicating that the 

indirect effects could be constrained to equality without a decrement in model fit. The thrifty 

phenotype pathway operating from SDP through birth weight, accelerated weight gain, and child 

BMI to pubertal timing was carried forward for future tests since it passed the p < .05 threshold, 

whereas the thrifty phenotype pathway from SDP to pubertal timing through birth weight and 
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accelerated weight gain directly did not. The Wald test for the indirect effects from both pre-

pregnancy BMI and maternal GWG through birth weight, child BMI, to pubertal timing (Figure 

2, paths 6→7→5) yielded a χ2 value of 5.74 (1), p = .017, indicating that the indirect effects were 

non-equivalent and the fetal overnutrition pathway beginning with maternal GWG was 

interpreted as the stronger indirect effect. 

Boys’ gonadal  

The Wald test for the thrifty phenotype pathways comparing the size of the indirect from 

SDP through birth weight, accelerated weight gain, and child BMI to pubertal timing (Figure 2, 

paths 1→2→4→5) and from SDP to pubertal timing through birth weight and accelerated weight 

gain directly (Figure 2, paths 1→2→3) yielded a χ2 value of 2.60 (1), p = .107, indicating that the 

indirect effects could be constrained to equality without a decrement in model fit. The thrifty 

phenotype indirect effect from SDP through birth weight, accelerated weight gain, and child 

BMI to pubertal timing (Figure 2, paths 1→2→4→5) was carried forward in future tests for 

better comparison with the same indirect effect in girls. The Wald test for the indirect effects 

from both pre-pregnancy BMI and maternal GWG through birth weight, child BMI, to pubertal 

timing (Figure 2, paths 6→7→5) yielded a χ2 value of 6.69 (1), p = .010, indicating that the 

indirect effects were non-equivalent. Thus, the fetal overnutrition pathway beginning from 

maternal GWG was interpreted as the stronger indirect effect. 

Girls’ gonadal  

 The Wald test for the thrifty phenotype pathways comparing the size of the indirect from 

SDP through birth weight, accelerated weight gain, and child BMI to pubertal timing (Figure 2, 

paths 1→2→4→5) and from SDP to pubertal timing through birth weight and accelerated weight 
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gain directly (Figure 2, paths 1→2→3) yielded a χ2 value of 0.268 (1), p = .605, indicating that 

the indirect effects could be constrained to equality without a decrement in model fit. The thrifty 

phenotype pathway indirect effect from SDP through birth weight, accelerated weight gain, and 

child BMI to pubertal timing was carried forward for future tests as it was statistically different 

from 0 at the p < .05 level. The Wald test for the indirect effects from both pre-pregnancy BMI 

and maternal GWG hypothesized to operate through birth weight, child BMI, to pubertal timing 

(Figure 2, paths 6→7→5) yielded a χ2 value of 12.08 (1), p = .001, indicating that the indirect 

effects were non-equivalent. Thus, the fetal overnutrition pathway beginning from maternal 

GWG was interpreted as the stronger indirect effect. 

In summary, the strongest thrifty phenotype pathway was the indirect effect from SDP 

through birth weight, accelerated weight gain, and child BMI to pubertal timing (Figure 2, paths 

1→2→4→5) for girls’ adrenal PDS scores, and boys’ and girls’ gonadal PDS scores. The 

strongest fetal overnutrition pathway was the indirect effect from maternal GWG through birth 

weight, and child BMI to pubertal timing for girls’ adrenal PDS scores, and boys’ and girls’ 

gonadal PDS scores.  

Between sex differences in the hypothesized pathways. 

 The formal test of hypothesis 1a compared the magnitude of the thrifty phenotype 

pathway through child BMI across boys and girls. In the adrenal model, the Wald test for the 

thrifty phenotype pathway through child BMI (Figure 2, paths 1→2→4→5) for girls and boys 

yielded a χ2 value of 1.47 (1), p = .226, indicating that the indirect effects could be constrained to 

equality across sex without a decrement in model fit. In the gonadal model, the Wald test for the 

thrifty phenotype pathway through child BMI between girls and boys yielded a non-significant χ2 
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value, 1.97 (1), p = .160, indicating that the indirect effects could be constrained to equality 

across sex without a decrement in model fit. 

 The formal test of hypothesis 1b compared the magnitude of the overnutrition pathway 

beginning with maternal GWG across boys and girls. In the adrenal model, when the indirect 

effects for boys’ and girls’ fetal overnutrition pathways from maternal GWG (Figure 2, paths 

6→7→5) were constrained to equality, the Wald test yielded a χ2 value, of 1.80 (1), p = .180, 

indicating that the indirect effects could be constrained to equality without a decrement in model 

fit. Finally, in the gonadal model, when the indirect effects for boys’ and girls’ fetal overnutrition 

pathways from maternal GWG (Figure 2, paths 6→7→5) were constrained to equality, the Wald 

test yielded a χ2 value, of 2.53 (1), p = .112, indicating that the indirect effects could be 

constrained to equality without a decrement in model fit.  

Within sex differences in the hypothesized pathways 

Finally, the indirect effects for the optimal thrifty phenotype and fetal overnutrition 

pathways were compared within sex (Hypothesis 1c).  

Adrenal 

The indirect effects for the girls’ thrifty phenotype pathway operating through BMI 

(Figure 2, paths 1→2→4→5) and girls’ maternal GWG (Figure 2, paths 6→7→5) pathways 

were constrained to equality. The Wald test yielded a χ2 value of 3.13 (1), p = .077, indicating 

that the indirect effects could be constrained to equality without a decrement in model fit. These 

comparisons were not made for boys because none of the indirect effects were different from 

zero at the p <.05 significance level.   
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Gonadal 

The indirect effects for the girls’ thrifty phenotype through child (Figure 2, paths 

1→2→4→5) BMI and girls’ maternal GWG pathways (Figure 2, paths 6→7→5) were 

constrained to equality, the Wald test yielded a χ2 value of 4.04 (1), p = .045, indicating that the 

indirect effects were non-equivalent and the maternal GWG indirect effect was interpreted as the 

stronger effect. The same comparison was made in boys and the Wald test yielded a χ2 value of 

2.85 (1), p = .092, indicating that the indirect effects could be constrained to equality without a 

decrement in model fit.  

Research Question 1 Summary 

 Support for hypothesis 1a was mixed. All hypothesized paths of the thrifty phenotype 

pathways were supported in girls for the adrenal markers and boys’ and girls’ gonadal models 

but not in the adrenal model for boys. There were also no indirect effects for the thrifty 

phenotype pathways in the boys’ adrenal model and only the thrifty phenotype pathway through 

child BMI was present in the girls’ adrenal model. Contrary to what was hypothesized, the thrifty 

phenotype pathway did not more strongly predict pubertal timing in either the adrenal or gonadal 

models for boys.  

Support for hypothesis 1b was also mixed. All paths were present for girls in the adrenal 

model and boys’ and girls’ gonadal models but not in the in the boys’ adrenal model. All of the 

hypothesized fetal overnutrition pathways for pre-pregnancy BMI and maternal GWG were 

present in the girls’ adrenal model, boys’ and girls’ gonadal model but not the boys’ adrenal 

model. Contrary to hypotheses, the fetal overnutrition pathway predicted puberty equally well in 

boys and girls in both the adrenal and gonadal models.  
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Hypothesis 1c was mixed. Contrary to hypotheses, the thrifty phenotype pathway was 

equivalent to the maternal GWG fetal overnutrition pathway within boys in both the adrenal and 

gonadal models. The same was true for the girls’ adrenal model. However, as hypothesized, the 

maternal GWG fetal overnutrition pathway did predict puberty better within girls in the gonadal 

model. Please see Table 2 for a summary of boys’ and girls’ results.   



 

 

1
0
2
 

 

Table 10 Summary of key findings for research question 1: Boys and girls by pubertal marker 

 Boys 

 

Girls 

 Adrenal Gonadal Adrenal Gonadal 

 

 

 

 

 

 

 

 

Thrifty Phenotype 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → greater 

accelerated weight gain 

 

Greater accelerated weight gain →  

greater BMI z-score 

 

Greater accelerated weight → 

earlier pubertal timing  

 

 

Confirmed indirect effects:  

None             

 

Full support 

 

SDP → lower birth weight 

 

Lower birth weight →  greater 

accelerated weight gain 

 

Greater accelerated weight gain →  

greater BMI z-score 

 

Greater accelerated weight and 

greater BMI z-score → earlier 

pubertal timing  

 

Confirmed indirect effects: 

1→2→4→5 

1→2→3 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight →  greater 

accelerated weight gain 

 

Greater accelerated weight gain → 

greater BMI z-score 

 

Greater BMI z-score and greater 

accelerated weight gain → earlier 

pubertal timing 

 

Confirmed indirect effects: 

1→2→4→5 

 

 

Full Support 

 

SDP → lower birth weight 

 

Lower birth weight →  greater 

accelerated weight gain 

 

Greater accelerated weight gain 

→ greater BMI z-score 

 

Greater BMI z-score and greater 

accelerated weight gain → earlier 

pubertal timing 

 

Confirmed indirect effects: 

1→2→4→5 

 

 

 

 

 

 

 

 

Fetal Overnutrition 

 

Partial Support 

 

Higher pre-pregnancy 

BMI/excessive GWG → higher 

birth weight 

 

Higher birth weight → greater 

BMI z-score 

 

No associations with puberty 

 

 

Confirmed indirect effects:  

None 

 

 

 

Full Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → greater BMI 

z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

6→7→5 for both pre-pregnancy 

BMI/greater GWG 

 

Full Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → greater 

BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

6→7→5 for both pre-pregnancy 

BMI/excessive GWG 

 

Full Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → greater 

BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

6→7→5 for both pre-pregnancy 

BMI/excessive GWG 
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Research Question 2 

Models for research question 2 were run separately by sex for each race/ethnicity group. 

Therefore, six multi-group SEM models were estimated to examine race/ethnicity differences in 

Black, White and Hispanic youth within each sex for both adrenal and gonadal PDS scores.  

Adrenal results by race/ethnicity group  

Boys 

The model for boys by race/ethnicity for adrenal PDS scores had 53 direct effects, 17 

exogenous variances and 4 endogenous residuals for each race/ethnicity group (Black, White 

Hispanic), and 51, 57, and 39 exogenous covariances for each group, respectively. The model 

converged normally within the default number of iterations with no Heywood cases present and 

was overidentified with 108 degrees of freedom. The model evinced excellent model fit, Chi 

Square(df) = 112.331 (108), p =.368; CFI=.1; RMSEA=.007; SRMR=.023, suggesting that the 

model fit the data well. No modification indices were indicated. See Figure 5, Panels A, B, C for 

Black, White and Hispanic boys’ estimates, respectively.  

Black Boys  

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -27., SE = .08, p 

= .000. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.55, SE = .07, 

p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .18, SE = .03, 

p = .000, but not pubertal timing (path 3), b = .01, SE = .01, p = .351. Greater child BMI also did 

not predict pubertal timing (path 5), b = .02, SE = .02, p = .459. As hypothesized, greater pre-

pregnancy BMI and excessive maternal GWG predicted higher birth weight (path 6), b = .01, SE 
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= .01, p = .014, b = .24, SE = .04, p = .000, respectively. Higher birth weight predicted greater 

child BMI (path 7), b = .31, SE = .07, p = .000.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

White Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.29, SE = .10, p 

= .003. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.49, SE   

= .06, p = .000. Greater accelerated weight gain predicted higher adrenal PDS scores (earlier 

pubertal timing; path 3), b = .03, SE = .02, p = .045 and also greater child BMI (path 4), b = .18, 

SE = .07, p = .008. Greater child BMI did not predict pubertal timing (path 5), b = .04, SE = .02, 

p = .120. Also as hypothesized, greater pre-pregnancy BMI and greater maternal GWG predicted 

higher birth weight (path 6), b = .22, SE = .07, p = .049, b = .22, SE = .07, p = .001, respectively. 

Higher birth weight predicted greater BMI (path 7), b = .33, SE = .09, p = .000.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

Hispanic Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = 27., SE = .10, p 

= .009. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.56, SE = .07, 

p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .25, SE = .05, 

p = .000 but not pubertal timing (path 3), b = .03, SE = .02, p = .055. Greater child BMI did not 

predict pubertal timing (path 5), b = .02, SE = .02, p = .250. Contrary to hypotheses, high pre-

pregnancy BMI and excessive maternal GWG did not predict higher birth weight (path 6), b 

= .01, SE = .01, p = .217, b = .04, SE = .06, p = .490, respectively. Higher birth weight predicted 

greater BMI (path 7), b = .32, SE = .08, p = .000.  
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Indirect effects. There was no evidence for any of the hypothesized indirect effects. 
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  Figure 5 Boys adrenal results by race/ethnicity  
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Girls 

The model for girls by race/ethnicity for adrenal PDS scores 53 direct effects, 17 

exogenous variances and 4 endogenous residuals for each race/ethnicity group (Black, White 

Hispanic), and 54, 51, and 43 exogenous covariances for each group, respectively. The model 

converged normally within the default number of iterations with no Heywood cases present and 

was overidentified with 106 degrees of freedom. The model evinced excellent model fit, Chi 

Square(df) = 108.508 (106), p =.414; CFI=.1; RMSEA=.006; SRMR=.025, suggesting that the 

model fit the data well. No modification indices were indicated. See Figure 6, Panels A, B, C for 

Black, White and Hispanic girls’ estimates, respectively.  

Black Girls  

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.20, SE = .07, p 

= .005. Lower birth weight then predicted greater accelerated weight gain (path 2), b = -.59, SE 

= .07, p = .000. Greater accelerated weight gain predicted greater child BMI (path 3), b = .22, SE  

= .04, p = .000 but not pubertal timing (path 4), b = .03, SE = .02, p = .156. Greater child BMI 

predicted higher adrenal PDS scores (earlier pubertal timing; path 5), b = .07, SE = .03, p = .015. 

As hypothesized, greater pre-pregnancy BMI and maternal GWG predicted higher birth weight 

(path 6), b = .02, SE = .01, p = .003, b = .15, SE = .04, p = .000, respectively. Higher birth weight 

predicted greater child BMI (path 7), b = .39, SE = .06, p = .000.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

White Girls 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.24, SE = .09, p 

= .005. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.77, SE = .07, 
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p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .29, SE = .08, 

p = .000, but not pubertal timing (path 3), b = .04, SE = .02, p = .074. Greater child BMI also did 

not predict pubertal timing (path 5), b = .05, SE = .03, p = .077. Also as hypothesized, greater 

pre-pregnancy BMI greater maternal GWG predicted higher birth weight (path 6), b = .03, SE 

= .01, p = .002, b = .26, SE = .07, p = .000, respectively. Higher birth weight predicted greater 

BMI (path 7), b = .33, SE = .11, p = .003.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

Hispanic Girls 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.20, SE = .09, p 

= .029. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.65, SE = .08, 

p = .000. Greater accelerated weight gain predicted greater child BMI, b = .27, SE = .04, p = .000 

but not pubertal timing, b = .04, SE = .02, p = .051. Greater child BMI did not predict pubertal 

timing, b = .02, SE = .03, p = .546. Also as hypothesized, high pre-pregnancy BMI and excessive 

maternal GWG predicted higher birth weight (path 6), b = .02, SE = .01, p = .041, b = .22, SE 

= .05, p = .000, respectively. Higher birth weight predicted greater BMI (path 7), b = .35, SE 

= .08, p = .001.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 
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Figure 6 Girls adrenal results by race/ethnicity 
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Gonadal results by race/ethnicity group  

Boys 

The model for boys by race/ethnicity for gonadal PDS scores had 53 direct effects, 17 

exogenous variances and 4 endogenous residuals for each race/ethnicity group (Black, White 

Hispanic), and 51, 57, and 39 exogenous covariances for each group, respectively. The model 

converged normally within the default number of iterations with no Heywood cases present and 

was overidentified with 108 degrees of freedom. The model evinced excellent model fit, Chi 

Square(df) = 112.235 (108), p =.371; CFI=.998; RMSEA=.007; SRMR=.023, suggesting that the 

model fit the data well. No modification indices were indicated. See Figure 7, Panels A, B, C for 

Black, White and Hispanic boys’ estimates, respectively.  

Black Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.28, SE = .07, p 

= .000. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.55, SE = .07, 

p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .18, SE = .03, 

p = .000 but not pubertal timing (path 3), b = .02, SE = .01, p = .065. Greater child BMI 

predicted higher gonadal score (earlier pubertal timing; path 5), b = .04, SE = .02, p = .041. As 

hypothesized, higher pre-pregnancy BMI and greater maternal GWG predicted higher birth 

weight (path 6), b = .01, SE = .01, p = .531, b = .24, SE = .04, p = .000, respectively. Higher birth 

weight predicted greater child BMI (path 7), b = .32, SE = .06, p = .000.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 
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White Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.29, SE = .10, p 

= .004. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.49, SE = .06, 

p = .000. Greater accelerated weight gain predicted greater child BMI (path 4) b = .20, SE = .07, 

p = .007, but not pubertal timing (path 3), b = .02, SE = .02, p = .401. Greater child BMI did not 

predict pubertal timing, b = .03, SE = .02, p = .270. Greater maternal GWG predicted higher 

birth weight (path 6), b = .22, SE = .07, p = .001, but pre-pregnancy BMI did not, b = .02, SE 

= .01, p = .053, respectively. Higher birth weight predicted greater BMI (path 7), b = .33, SE 

= .09, p = .001.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

Hispanic Boys 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.27, SE = .10, p 

= .008. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.57, SE = .07, 

p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .25, SE = .05, 

p = .000 but not pubertal timing (path 3), b = .03, SE = .02, p = .190. Greater child BMI 

predicted higher gonadal PDS score (earlier pubertal timing; path 5), b = .07, SE = .02, p = .002. 

Contrary to hypotheses, pre-pregnancy BMI and maternal GWG did not predict birth weight 

(path 6), b = .01, SE = .01, p = .204, b = .03, SE = .06, p = .582, respectively. Higher birth weight 

predicted greater BMI (path 7), b = .36, SE = .008, p = .000.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 
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Figure 7 Boys gonadal results by race/ethnicity 
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Girls 

The model for girls by race/ethnicity for gonadal PDS scores had 53 direct effects, 17 

exogenous variances and 4 endogenous residuals for each race/ethnicity group (Black, White 

Hispanic), and 54, 51, and 43 exogenous covariances for each group, respectively. The model 

converged normally within the default number of iterations with no Heywood cases present and 

was overidentified with 106 degrees of freedom. The model evinced excellent fit, Chi Square(df) 

= 109.051 (106), p =.400; CFI=.998; RMSEA=.006; SRMR=.026, suggesting that the model fit 

the data well. No modification indices were indicated. See Figure 8, Panels A, B, C for Black, 

White and Hispanic girls’ estimates, respectively.  

Black Girls 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.20, SE = .07, p 

= .005. Lower birth weight then predicted greater accelerated weight gain (path 2), b = -.59, SE 

= .07, p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .23, SE 

= .04, p = .000 but not pubertal timing (path 3), b = .02, SE = .02, p = .200. Greater child BMI 

predicted higher gonadal PDS scores (earlier pubertal timing; path 5), b = .07, SE = .02, p = .000. 

As hypothesized, greater pre-pregnancy BMI and excessive maternal GWG predicted higher 

birth weight (path 6), b = .02, SE = .01, p = .003, b = .15, SE = .04, p = .000, respectively. Higher 

birth weight predicted greater child BMI (path 7), b = .39, SE = .06, p = .000.  

Indirect effects. There were only indirect effects for the fetal overnutrition pathways 

operating from maternal GWG and pre-pregnancy BMI, β = .007, SE = .003, p = .023, β = .008, 

SE = .003, p = .012, respectively.   
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White Girls 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.25, SE = .09, p 

= .006. Lower birth weight then predicted greater accelerated weight gain (path 2), b = -.77, SE 

= .07, p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .30, SE 

= .08, p = .000, but not pubertal timing (path 3), b = -.03, SE = .03, p = .336. Greater child BMI 

predicted higher gonadal PDS scores (earlier pubertal timing; path 5), b = .07, SE = .03, p = .018. 

As hypothesized, greater pre-pregnancy BMI and greater maternal GWG predicted higher birth 

weight (path 6), b = .03, SE = .01, p = .002, b = .26, SE = .07, p = .000, respectively. Higher birth 

weight predicted greater BMI (path 7), b = .32, SE = .11, p = .005.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

Hispanic Girls 

As hypothesized, greater SDP predicted lower birth weight (path 1), b = -.20, SE = .09, p 

= .030. Lower birth weight predicted greater accelerated weight gain (path 2), b = -.66, SE = .08, 

p = .000. Greater accelerated weight gain predicted greater child BMI (path 4), b = .27, SE = .04, 

p = .000 but not pubertal timing (path 3), b = .04, SE = .03, p = .100. Greater child BMI 

predicted higher gonadal PDS scores (earlier pubertal timing; path 5), b = .06, SE = .03, p = .039. 

High pre-pregnancy BMI and excessive maternal GWG predicted higher birth weight (path 6), b 

= .02, SE = .01, p = .039, b = .22, SE = .05, p = .000, respectively. Higher birth weight predicted 

greater BMI (path 7), b = .35, SE = .08, p = .000.  

Indirect effects. There was no evidence for any of the hypothesized indirect effects. 

 

 

  



 

115 

  

Figure 8 Girls gonadal results by race/ethnicity 
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Research Question 2 Summary 

Overall, most paths for both the thrifty phenotype and fetal overnutrition pathways were 

supported, although the relations between accelerated weight gain and childhood BMI with 

perceived pubertal timing (paths 3 & 5) were sparse. No indirect effects were supported for boys 

and girls in any race/ethnicity group except for the fetal overnutrition pathways from maternal 

GWG and pre-pregnancy BMI in the Black girls’ gonadal model. See tables 11, 12 and 13 for a 

summary of research question 2.  
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Table 11 Summary of key findings for research question 2: Black boys and girls by pubertal marker 

 Boys 

 

Girls 

 Adrenal Gonadal Adrenal Gonadal 

 

 

 

 

 

 

 

 

Thrifty Phenotype 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → greater 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects:  

None 

 

Partial support 

 

SDP → lower birth weight 

 

Lower birth weight →  greater 

accelerated weight gain 

 

Greater accelerated weight 

→greater BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing  

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight →  greater 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight →  greater 

accelerated weight gain 

 

Greater accelerated weight 

→greater BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

None 

 

 

 

 

 

 

 

Fetal 

Overnutrition 

 

Partial Support 

 

Higher pre-pregnancy 

BMI/excessive GWG → higher 

birth weight 

 

Higher birth weight →  Greater 

BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects:  

None 

 

 

 

Partial Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight →  Greater 

BMI z-score  

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → Greater 

BMI z-score 

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Full Support 

 

Higher pre-pregnancy BMI 

and excessive GWG → higher 

birth weight 

 

Higher birth weight → greater 

BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

6→7→5 for both pre-

pregnancy BMI/excessive 

GWG 
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Table 12 Summary of key findings for research question 2: White boys and girls by pubertal marker 

 Boys 

 

Girls 

 Adrenal Gonadal Adrenal Gonadal 

 

 

 

 

 

 

 

 

Thrifty Phenotype 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score  

 

Greater accelerated weight gain 

→ earlier pubertal timing  

 

Confirmed indirect effects:  

None 

 

 

Partial support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score 

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight 

gain →  greater BMI z-score 

 

Greater BMI z-score → 

earlier pubertal timing 

 

Confirmed indirect effects: 

None 

 

 

 

 

 

 

 

 

Fetal 

Overnutrition 

 

Partial Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight →  Greater 

BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects:  

None 

 

 

 

Partial Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight →  Greater 

BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → Greater 

BMI z-score 

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

Higher pre-pregnancy BMI 

and excessive GWG → 

higher birth weight 

 

Higher birth weight → 

greater BMI z-score 

 

Greater BMI z-score → 

earlier pubertal timing 

 

Confirmed indirect effects: 

None 
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Table 13 Summary of key findings for research question 2: Hispanic boys and girls by pubertal marker 

 Boys 

 

Girls 

 Adrenal Gonadal Adrenal Gonadal 

 

 

 

 

 

 

 

 

Thrifty Phenotype 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score 

 

No associations with puberty 

 

 

 

Confirmed indirect effects:  

None. 

 

 

Partial support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight 

gain →  greater BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score  

 

No associations with puberty 

 

 

 

Confirmed indirect effects: 

None 

 

Full Support 

 

SDP → lower birth weight 

 

Lower birth weight → 

accelerated weight gain 

 

Greater accelerated weight gain 

→  greater BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

 

Confirmed indirect effects: 

None 

 

 

 

 

 

 

 

 

Fetal 

Overnutrition 

 

Low Support 

 

No associations with birth 

weight 

 

 

Higher birth weight →  Greater 

BMI z-score  

 

No associations with puberty 

 

 

Confirmed indirect effects:  

None 

 

 

 

Low Support 

 

No associations with birth 

weight 

 

 

Higher birth weight →  

Greater BMI z-score  

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

None 

 

Partial Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → Greater 

BMI z-score 

 

No associations with puberty 

 

 

Confirmed indirect effects: 

None 

 

Full Support 

 

Higher pre-pregnancy BMI and 

excessive GWG → higher birth 

weight 

 

Higher birth weight → greater 

BMI z-score 

 

Greater BMI z-score → earlier 

pubertal timing 

 

Confirmed indirect effects: 

None 
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DISCUSSION 

This thesis is the first to trace developmental pathways from the prenatal period to the 

beginning of puberty according to the thrifty phenotype and fetal overnutrition hypotheses. I 

used a large, racially and ethnically diverse sample of boys and girls to answer two main 

research questions. My first research question investigated whether the thrifty phenotype or the 

fetal overnutrition pathway better predicted perceived pubertal timing in girls or boys. I 

hypothesized that both pathways would be present, but the thrifty phenotype pathway would 

better predict perceived pubertal timing in boys and the fetal overnutrition pathway would better 

predict perceived pubertal timing in girls. In general, both hypothesized pathways were 

supported, but contrary to hypotheses, the thrifty phenotype did not predict perceived pubertal 

timing best in boys, compared to girls, and the fetal overnutrition pathway did not predict 

perceived pubertal timing better in girls, compared to boys. Instead, the thrifty phenotype and 

fetal overnutrition pathways were equivalent across boys and girls for both adrenal and gonadal 

puberty markers. And finally, the fetal overnutrition pathway, when compared to the thrifty 

phenotype pathway, was only stronger in girls for gonadal markers of perceived pubertal timing.  

My second research question further examined the hypothesized pathways by stratifying 

the sample by race/ethnicity group to try to better understand known race/ethnicity differences in 

pubertal timing. I had no specific hypotheses for the pattern of findings for the different 

race/ethnicity groups for the two hypothesized pathways. In general, most paths of both 

pathways were present, but support for the entire hypothesized pathways were sparse. This 

seemed to be largely to due to the lack of support for the relation between child BMI and 

perceived pubertal timing (path 5) and between accelerated weight gain and perceived pubertal 

timing (path 4) when race/ethnicity groups were analyzed separately. There were also only 
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indirect effects for the fetal overnutrition pathways for pre-pregnancy BMI and maternal GWG 

in the black girls’ gonadal analysis.  

Perceived Pubertal Timing Construct 

It is important to keep in mind that the current thesis used a parent perceived PDS 

measure. As mentioned previously, measures of perceived pubertal timing are not ideal for 

studies of adolescent health since perceived measures of puberty capture not only physiological 

development but also psychosocial elements to puberty (Beltz et al., 2014; Marceau et al., 2015; 

Shirtcliff et al., 2009) which are extraneous to classifying youth accurately based solely on their 

physical maturity. Parent perceived puberty may circumvent some issues associated with child 

self-report as children in earlier stages of puberty tend to over report their development 

(Shirtcliff et al., 2009), but parent report may offer an incomplete view of their child’s 

development. Parents may not have a good reference of normative development from which to 

accurately judge how far along their own child is or be able to continuously monitor every aspect 

of puberty. For instance, some items of the PDS may be more or less noticeable to parents. PDS 

items like growth spurt, skin changes, onset of menstruation, voice changes and facial hair 

growth may be more obvious to parents but changes in markers like breast development, pubic 

and underarm hair may still be noticeable to parents but not to the same degree that youth may be 

aware of the changes happening to their body or to the eye of a trained professional.  

While there are some drawbacks to using parent perceived pubertal timing, a number of 

steps were taken in order to optimize its efficacy. Namely, adrenal and gonadal items were 

disaggregated separately by child sex, following guidance from Dorn and colleagues (2006) and 

Shirtcliff and colleagues (2009) given that adrenarche and gonadarche are separate underlying 

processes and have sex specific indicators. Age was also regressed out of the adrenal and 
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gonadal markers PDS scores separately by sex (Ge et al., 2007) in order to create a measure of 

perceived pubertal timing relative to other same sex youth in the sample which is the 

recommended protocol (Mendle et al., 2019). This was important for the current study as 

associations between gonadal pubertal markers were likely biased for girls (e.g., inflation of 

association between breast development and BMI) and so the adrenal pubertal markers should be 

less biased. The most ideal measure of pubertal timing for this thesis’ research questions would 

be a physical examination by a trained professional with palpation of breast tissue. Although the 

parent perceived pubertal timing measure was not the most ideal measure of puberty, important 

information on the developmental pathways to early pubertal timing can still be gleaned in light 

of the known limitations.  

The Thrifty Phenotype Hypothesis 

 Under the umbrella of the DOHaD perspective, the thrifty phenotype hypothesis posits 

that nutritional deprivation during pregnancy is linked to poor adult health via metabolic 

programming that is exacerbated by a mismatch between the prenatal and postnatal nutritional 

environment and that pubertal timing may be implicated in this pathway and be programmed via 

similar mechanisms (Biro & Deardorff, 2013; Hales & Barker, 2001). A wealth of independent 

bodies of literature supports each individual path of the thrifty phenotype pathway 

conceptualized and operationalized here. This thesis extended existing work by confirming these 

specific paths in large sample of racially and ethnically diverse youth for perceived pubertal 

timing. By and large, each hypothesized path of the thrifty phenotype pathway was supported in 

boys and girls. As hypothesized and informed by the extant literature, greater SDP predicted 

lower birth weight (path 1; Abraham et al., 2017), lower birth weight predicted greater 

accelerated weight gain in infancy (path 2; Jain & Singhal, 2012) and greater accelerated weigh 
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gain in infancy often times independently predicted greater childhood BMI (path 4) and earlier 

perceived pubertal timing (path 3; Ong et al., 2009), and greater childhood BMI predicted earlier 

perceived pubertal timing (path 5; Y.-C. Chen et al., 2019).  

This thesis combined the extant theoretical and empirical literature, empirically tested and 

provided evidence of a specific developmental pathway for the thrifty phenotype hypothesis. 

Doing so extended the DOHaD theoretical perspective and thrifty phenotype hypothesis by way 

of finding support for a specific developmental pathway for pubertal timing that emanates from 

SDP as a primary prenatal insult that puts the pathway into motion (Swanson et al., 2009). This 

indicates that SDP may serve as a restrictive prenatal insult that contributes to producing the 

“mismatch” between nutritionally scarce intrauterine conditions and nutritionally plentiful 

postnatal conditions in line with the theory behind the thrifty phenotype hypothesis for the study 

of pubertal timing (Biro & Deardorff, 2013; Hales & Barker, 2001). Further, support of the 

pathway through birth weight, accelerated weight gain in infancy and childhood BMI suggests 

that SDP contributes to the programming through a specific developmental pathway of child 

growth risk factors that were previously known to be associated with early puberty. To this point, 

it is notable that there were no main effects of SDP on perceived pubertal timing across all 

models despite the presence of association between SDP and perceived pubertal timing for some 

subgroups at the bivariate association level. Similarly sized prior studies and meta-analytic 

evidence that find a reduction in the age of puberty after exposure to SDP typically have only 

adjusted for child BMI (Brix, Ernst, Lauridsen, Parner, et al., 2019; Chen et al., 2018). The novel 

findings generated in this thesis may indicate that the mediating pathway variables (birth weight, 

accelerated weight gain and child BMI z-score) fully explain the pathway between SDP and 

pubertal timing. And notably, almost all the previous studies do not adjust for birth weight, 
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accelerated weight gain in infancy and childhood BMI together (Karaolis-Danckert et al., 2009). 

This thesis extends the literature by adjusting for all these factors and provides stronger evidence 

for a developmental pathway from SDP to perceived early pubertal timing.  

Of the two thrifty phenotype pathways conceptualized here, the pathway operating through 

childhood BMI was superior to the pathway operating through accelerated weight gain to 

perceived pubertal timing directly. This likely reflects the relative importance and mechanistic 

role of adipose tissue in the suspected to be causal relationship between childhood obesity and 

early pubertal timing (Ahmed et al., 2009; Y.-C. Chen et al., 2019; Reinehr & Roth, 2019). 

However, that both were supported indicates that accelerated weight gain and childhood BMI 

independently contribute to influencing pubertal timing, which the extant literature supports (Li 

et al., 2017; Ong et al., 2009). Ideally, more studies should include both, especially in racially 

and ethnically diverse samples due to disparities in BMI trajectories across early childhood 

(Guerrero et al., 2016). This thesis also contributes an investigation including accelerated weight 

gain as a predictor of adrenal and gonadal markers of puberty in a large sample of boys and girls 

to a body of literature in which the vast majority of prior studies predict age at menarche as 

pubertal outcome (Juul et al., 2017).  

There were, however, some features of the thrifty phenotype pathway that were unsupported. 

The relation between childhood BMI and perceived pubertal timing (path 5) was unsupported in 

the analysis of boys’ adrenal markers but was supported in the girls’ adrenal marker analysis and 

the boys’ and girls’ gonadal marker analyses. The relation between child BMI and adrenal 

markers was also not supported in any of the race/ethnicity sub analyses. It could be that elevated 

child BMI may be less relevant in boys for adrenal processes of puberty than for gonadal 

development. That the relation between accelerated weight gain and more advanced adrenal 
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development (path 3) was supported is a relatively novel finding as previous investigations have 

so far mostly only found associations of accelerated weight gain with gonadal markers of puberty 

in boys (Karaolis-Danckert et al., 2009; Ong et al., 2012). This finding needs replication, 

however, as it had a relatively small effect size and did not survive the adjusted p-value. That 

being said, this effect was stronger in the White boys’ analyses of adrenal markers but 

unsupported in both the Black and Hispanic boys’ models indicating that the effect might have 

been driven by the White boys’ subsample in the overall boys’ analysis. This is surprising as 

accelerated weight gain has been shown to be particularly salient in non-White populations 

generally, but studies with accelerated weight gain as a predictor of pubertal timing using non-

White samples are sorely lacking (Karaolis-Danckert et al., 2009; Ong et al., 2012). 

In the overall analysis of gonadal markers in boys, the relation between accelerated weight 

gain and childhood BMI with perceived pubertal timing were both supported (path 3 & 5). The 

relation between childhood BMI and perceived pubertal timing (path 5) was supported in the 

Black boys and Hispanic boys’ analyses which corroborates trends and disparities of elevated 

child BMI and earlier pubertal development in non-white populations (Fryar et al., 2018; Ogden 

et al., 2014; Ramnitz & Lodish, 2013). Surprisingly, the relation between accelerated weight gain 

and perceived pubertal timing (path 3) was unsupported across all race/ethnicity subgroups. This 

is may have been due to the smaller sample sizes of the race/ethnicity groups since the effect was 

relatively small (.09) and the smaller sample size may have limited the power to detect the 

findings. This may have also been true for girls as the relation between accelerated weight gain 

and perceived pubertal timing (path 3) was supported in the overall girls’ adrenal and gonadal 

analyses but not at all in the analyses by race/ethnicity group for either adrenal or gonadal 

markers. Previous literature has mostly only studied the association between accelerated weight 
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gain and age at menarche in predominantly White samples using a variety of accelerated weight 

gain variables between different ages (Juul et al., 2017). Collectively, this may indicate that 

accelerated weight gain may be more salient for late gonadal pubertal events like onset of 

menstruation and has a very modest contribution to relatively early adrenal and gonadal markers, 

at least as measured by parent perceived puberty, and that the race/ethnicity sub groups may have 

been inadequately powered to detect this effect.  

The association between childhood BMI and perceived pubertal timing (path 5) was 

supported in the overall girls’ analysis for adrenal and gonadal markers and in every group in the 

girls’ gonadal marker by race/ethnicity analyses. This could be due to role that excessive 

adiposity plays in promoting aromatase activity (conversion of androgen to estrogen) which may 

promote breast development (Dunger et al., 2005). However, it could also be explained by a 

known inflation in the association between breast development (contributes to the gonadal PDS 

score) and higher childhood BMI. Since the measure of pubertal timing was based on parents’ 

perception and not palpation of breast tissue, parents of daughters with overweight or obese 

BMIs may systematically report higher breast development due to the visual confounding of 

adipose and breast tissue (Biro et al., 1992; Dorn et al., 2006; Mendle et al., 2019). Thus, those 

associations were likely upwardly biased. On the other hand, in the girls’ adrenal analysis by 

race/ethnicity, the relation between childhood BMI and perceived pubertal timing (path 5) was 

not biased by the same measurement confounding as in the gonadal analyses but was only 

supported in Black girls. This may be because Black girls are at disproportionate risk for 

childhood obesity and had some of the highest prevalence rates for girls of any race/ethnicity for 

the past 20 years (Fryar et al., 2018) and thus the association was stronger and able to be 

detected. However, it is surprising that this effect was not also found in Hispanic girls as this 
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group is at similar risk for childhood obesity and has had similarly high prevalence rates over 

time (Fryar et al., 2018) and is generally counter to previous literature (Deardorff et al., 2021). 

Future studies, ideally using a physical examination measure of puberty with palpation of breast 

tissue should attempt to replicate these findings and may hypothesize particularly strong effects 

for Black girls based on these findings. 

The Fetal Overnutrition Hypothesis 

At the other end of the nutritional spectrum, the fetal overnutrition hypothesis posits that 

exposure to metabolic excessive prenatal insults engenders increased risk of obesity throughout 

life through metabolic programming and early pubertal timing may also be programmed via 

similar mechanisms (Dunger et al., 2005; Roth & DiVall, 2016). A large amount of evidence 

supports the association from prenatal risks of greater pre-pregnancy BMI and greater maternal 

GWG for higher birth weights, greater childhood BMI and earlier timing of puberty (Goldstein et 

al., 2017; Lawn et al., 2018; Liu et al., 2016; Yu et al., 2013). Overall, both of the hypothesized 

pathways for pre-pregnancy BMI and maternal GWG conceptualized in this investigation were 

generally supported. This thesis extends the DOHaD perspective by putting forward a more 

specific developmental pathway for overnutrition exposure to pubertal timing in line with the 

fetal overnutrition hypothesis. A number of previous studies have tested the mediating role of 

childhood BMI or birth weight between prenatal overnutrition risks and early pubertal timing but 

have not tested both as serial mediators (Aghaee et al., 2019; Brix, Ernst, Lauridsen, Arah, et al., 

2019; Deardorff et al., 2013; Lawn et al., 2018). This thesis extended existing work in this 

literature by testing a specific developmental pathway from overnutrition prenatal risks of high 

pre-pregnancy BMI and maternal GWG to higher birth weight (path 6), to greater childhood 

BMI (path 7) to earlier perceived puberty in a large sample of racially and ethnically diverse 
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boys and girls. This thesis also fills a gap for a lack of investigations of overnutrition prenatal 

risk factors and adrenal and gonadal markers of puberty in boys (Aghaee et al., 2019). 

Between the two overnutrition pathways tested here, both the pre-pregnancy and maternal 

GWG pathways showed roughly equivalent support for the hypothesized paths, but it was the 

maternal GWG pathway that proved to the superior pathway in both boys and girls. Effect sizes 

were similar across models, but the maternal GWG effects were larger and when the pathways 

were compared statistically, maternal GWG consistently came out on top. This may be because 

maternal GWG and pre-pregnancy BMI reflect similar but different timing of overnutrition risk 

but maternal GWG may more accurately reflect overnutrition conditions during gestation 

whereas pre-pregnancy BMI may more so reflect fuel stores and shared genetic as well as 

environmental factors between mother and offspring (Perng et al., 2019). That maternal GWG 

may more so reflect in utero overnutrition risk to the fetus may also be why it was the more 

salient prenatal insult. Similar prior investigations also find evidence of larger effects of maternal 

GWG than pre-pregnancy BMI when examining them separately (Lawn et al., 2018), while 

others found the opposite (Deardorff et al., 2013). Future studies should include both, if possible, 

or use composite measure to account for both influences in the same model (Aghaee et al., 

2019).  

Similar to SDP, there were no main effects of either prenatal overnutrition risk on 

pubertal timing in any of the analyses although both maternal GWG and pre-pregnancy BMI 

were associated with perceived early pubertal timing in girls at the bivariate level. Just as for the 

thrifty phenotype pathways, this may indicate that the mediating variables in the pathway (birth 

weight and childhood BMI) fully explained the relation between prenatal overnutrition risks and 

perceived early pubertal timing. Previous studies have found either full mediation by childhood 
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BMI (Brix, Ernst, Lauridsen, Arah, et al., 2019), partial mediation (Aghaee et al., 2019), or null 

results (Deardorff et al., 2013). The results here may indicate that additionally including birth 

weight in the pathway may be important for fully accounting for the relation between prenatal 

risk and puberty.  

Although the fetal overnutrition pathway was generally well supported across this study 

there were some exceptions. In addition to the lack of findings for the childhood BMI to 

perceived pubertal timing path (path 5), which is common between the two hypothesized 

pathways, there was a notable absence of association between overnutrition risk and birth weight 

in the model for Hispanic boys. In both the adrenal and gonadal models for Hispanic boys there 

were no associations between either pre-pregnancy BMI or maternal GWG with birth weight 

despite there being a positive bivariate correlation between maternal GWG and birth weight and 

despite strong associations that survived the adjusted p-value in the corresponding models for 

Hispanic girls and for all other race/ethnicity models. This is surprising given the extant 

literature and in particular, prior studies that find evidence that excessive maternal GWG predicts 

higher birth weight specifically in Hispanic samples (Elwan et al., 2021) and higher risk of 

obesity from higher pre-pregnancy BMI until age 9 (Kjaer et al., 2019).  

Thrifty Phenotype vs. the Fetal Overnutrition Hypothesis  

 Early experiences such as prenatal risks associated with growth restriction and excessive 

growth may both lead to the same developmental outcome of early puberty (e.g., equifinality). 

This thesis showed evidence for pathways of both the thrifty phenotype and fetal overnutrition 

leading to earlier perceived pubertal timing. Given the negative health and psychosocial 

outcomes associated with early puberty both in adolescence and later on in life, identifying 

potential intervening or preventative factors is important. Further, understanding which pathway 
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transmits the most risk is important knowledge to gain in order to prioritize which is the most 

problematic. This thesis extends the study of pubertal timing by showing that puberty may be 

similarly subject to a “paradox” wherein birth weight at both ends of the spectrum (and 

corresponding prenatal risks) lead to poorer outcomes in much the same way as for BMI and 

increased adiposity (Oken & Gillman, 2003). 

In the investigation of testing which of the two developmental pathways better predicted 

perceived pubertal timing, the thrifty phenotype pathway through child BMI and the fetal 

overnutrition pathway from maternal GWG predicted perceived pubertal timing equally well 

between boys and girls for adrenal markers and gonadal markers. This was contrary to my 

hypotheses as I had hypothesized that the thrifty phenotype would better predict perceived 

pubertal timing in boys because they may be potentially more susceptible to restrictive prenatal 

risks (Gariepy et al., 2000; Kraemer, 2000) and since male fetuses are on average larger at birth 

and have to grow more rapidly during gestation and so any perturbation in growth would be 

more detrimental than for female fetuses that tend to be smaller in comparison (Aiken & Ozanne, 

2013). Additionally, I hypothesized that the fetal overnutrition pathway would be strongest in 

girls as prior investigations have generally shown more consistent and stronger association of 

overnutrition prenatal risks with pubertal timing in girls compared to boys (Brix, Ernst, 

Lauridsen, Arah, et al., 2019). In line with my hypothesis, the maternal GWG fetal overnutrition 

pathway predicted perceived puberty best within girls but only for gonadal pubertal markers. 

Given these findings, future studies testing these pathways may hypothesize equivalent effects 

across boys and girls and possibly stronger effects for the fetal overnutrition pathway within girls 

for gonadal pubertal markers, but it will be important to use a measure of pubertal timing that is 
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not upwardly biased by elevated BMI (e.g., physical exam with palpation of breast tissue, age at 

menarche). 

The relative importance of the fetal overnutrition pathway for both boys and girls is an 

important finding in the context of rising levels of overnutrition globally (Wong et al., 2020). In 

particular, the maternal GWG pathway was stronger than the pre-pregnancy BMI pathway. 

Given this, prevention efforts may do better to prioritize maternal GWG interventions over those 

devised for pre-pregnancy BMI for several reasons. A large proportion of pregnancies are 

unplanned and individuals who become pregnant may not become aware that they are until well 

into their pregnancy. This makes it unfeasible for a significant number to be reached by a 

potential pre-pregnancy intervention. Further, those planning to get pregnant may already be 

aware of appropriate weight gain guidelines and conscientious of other health behaviors to 

support healthy pregnancies and so may not benefit as much or be in need of the intervention to 

the same degree as those who are not planning to get pregnant. Targeting maternal GWG on the 

other hand, may prove to be more fruitful since pregnancy is a time when expecting mothers may 

be more willing and motivated to make changes to their lifestyles for their own health benefit 

and for the health of their future child. Further, prenatal care visits provide a convenient 

opportunity for clinicians and researchers to deliver interventions or education for appropriate 

weight gain during pregnancy. Intervening on maternal GWG could potentially reduce early 

puberty trends by reducing childhood BMI. Finally, Aghaee and colleagues (2019) provide 

epidemiological evidence that women who have BMIs in the overweight or obese category who 

stay within IOM guidelines for GWG have a reduced risk for earlier pubertal timing in 

daughters. This suggests that intervening on maternal GWG even in those with overweight or 

obese BMIs may be effective at reducing risk.  
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The thrifty phenotype pathway proved to be just as salient as the fetal overnutrition 

pathway between boys and girls. This is in spite of SDP being much less prevalent in this sample 

than overnutrition risks (19% vs. 52% excessive GWG), but the pathways still bore out and the 

effect sizes for the pathways were similar. Thus, even though SDP may affect fewer people 

compared to those affected by overnutrition, the negative effects should not be ignored. Further, 

while prevalence rates of SDP are generally decreasing, they still remain relatively high in some 

areas of the U.S., in some European countries, and are increasing in low- and middle-income 

countries as they make the first demographic transition (Collaborators, 2017; Lange et al., 2018). 

Additionally, there have been past cohorts exposed to higher levels of SDP that are currently in 

adulthood or about to enter older adulthood that may be on risky health trajectories possibly 

through thirty phenotype type mechanisms and extending these pathways to the study of adult 

health conditions may help better understand trajectories of health across the lifespan and 

disparities in disease burden.  

A future extension of the hypothesized pathways tested here could be to predict extended 

outcomes of adult health conditions since child obesity and early puberty may differentially 

predict certain health conditions. For instance, variance in cardiometabolic traits seem to be 

largely explained by obesity over and above the effect of early age at menarche and some have 

argued that the emphasis of prevention should be put on child BMI (Bell et al., 2018). On the 

other hand, a recent systematic review confirmed that early age at menarche is associated with 

type II diabetes above and beyond the effect of adiposity (Cheng et al., 2020). Another study, in 

White European men, showed that earlier age at peak height velocity predicted type II diabetes in 

adulthood and that the association was similar after adjusting for childhood BMI (Ohlsson et al., 

2020), indicating that childhood BMI and pubertal timing independently contribute to the 
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development of type II diabetes. Towards the ultimate aim of better understanding health 

trajectories throughout the lifespan and reducing disease burden, especially for non-white 

populations in which these conditions are disproportionately present, testing whether the fetal 

overnutrition or thirty phenotype pathways better predicts various health conditions may prove 

insightful. While both pathways were generally equivalent at predicting earlier perceived 

pubertal timing based on the current investigation, it’s unclear which would be the more potent 

pathway for certain adult health conditions. Some literature suggests that higher obesity through 

restriction may be more problematic because of stronger associations with central obesity (Oken 

& Gillman, 2003), but as overnutrition rises, purely obesogenic pathways may become even 

more important and the most burdensome for disease.   

Sex Differences  

 Puberty is a sexually dimorphic trait with common and unique adrenal and gonadal 

indicators for boys and girls. Despite these inherent underlying sex differences and some 

literature suggesting that fetuses of different sexes may weather prenatal insults differently 

(DiPietro & Voegtline, 2017; Kraemer, 2000), effect size estimates from prenatal risk variables 

to birth weight were remarkably similar. Most of the effect sizes for other paths of the 

hypothesized pathways were also relatively similar with exception to the birth weight and 

accelerated weight gain path (path 2), where it was stronger in girls. As discussed above, this 

may be consistent with previous literature that found that male fetuses were larger at birth and 

were heavier until 12 months of age when female infants surpassed males in weight (Broere-

Brown et al., 2016). Thus, a larger effect between birth weight and of accelerated weight gain 

(change in z-score between birth and age 1) age may account for this observed pattern. Other 

differences, including the lack of findings between accelerated weight gain and child BMI with 
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pubertal timing (path 3 & 5) and relatively stronger effects for the child BMI and perceived 

pubertal timing (path 5) in girls were likely induced (at least in part) by measurement bias and 

limitations.  

Race/ethnicity Differences  

Race/ethnicity differences have been consistently observed in the study of pubertal 

timing with non-white populations generally having earlier ages of puberty (Deardorff et al., 

2019; Ramnitz & Lodish, 2013). The current thesis sought to explore race/ethnicity differences 

in the developmental pathways for the thrifty phenotype and fetal overnutrition hypotheses 

separately by sex and race/ethnicity group in order to better understand race/ethnicity differences 

in pubertal timing. Most components of each pathway were supported, but it is difficult to 

interpret whether any observed differences in the patterns of findings by race/ethnicity group are 

real or a product of a combination reduced sub-group sample size and measurement issues with 

the perceived pubertal timing variable, as discussed above. Overall, there were more sparse 

findings in the race/ethnicity analyses, especially for the boys’ adrenal analyses and for the 

relations between accelerated weight gain and child BMI with perceived pubertal timing (paths 3 

& 5) more generally. Further, the only supported indirect effects for the developmental pathways 

were for the maternal GWG and pre-pregnancy BMI fetal overnutrition pathways in Black girls 

with gonadal markers as outcome, which are upwardly biased by the confounding between 

elevated BMI and breast tissue. Future studies may attempt to replicate these effects using less 

biased measures of pubertal maturation (e.g., physical exam of pubertal status, specifically with 

palpation of breast tissue), and based on these findings, hypothesize stronger effects for Black 

girls. 
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Previous literature investigating race/ethnicity differences in many of the hypothesized 

paths have shown that differences in infancy weight gain, childhood BMI and pubertal timing as 

being in large part attenuated by socioeconomic disparities (Andrea et al., 2017; Deardorff et al., 

2014). To this end, the current thesis adjusted for several socioeconomic indicators (household 

income, parent education, material needs, and food security) and several other covariates highly 

intercorrelated with race/ethnicity group and socioeconomic status (breastfeeding duration, child 

maltreatment, father absence). Despite this effort, there were still some differential findings by 

race/ethnicity that were unable to be explained. While it is unclear what exactly drove these 

differences in the current investigation due to the limitations previously discussed, there could 

additionally be residual confounders such as dietary quality (e.g., sugar sweetened beverages, 

fast food), physical activity and neighborhood level indicators of socioeconomic status, physical 

activity, dietary quality and exposures that also disproportionately vary by race/ethnicity (Biro et 

al., 2009; Deardorff et al., 2012; Goran et al., 1998; Guerrero et al., 2016; Timperio et al., 2008). 

In particular for the current thesis, accounting for diet quality and consumption of sugar 

sweetened beverages may play a role in modifying the hypothesized pathways and explain some 

of the differential findings by race/ethnicity for the relation between child BMI and perceived 

pubertal timing. Prior work by Guerroro and colleagues (2016) showed that Black and Hispanic 

children had the highest average BMI trajectories compared to White children and consumption 

of soda and fast food was strongly associated with higher BMI trajectories. They suggested 

targeting reducing the consumption of and sugar sweetened beverages as a potential for 

intervention BMI trajectories in childhood and that this may benefit Black and Hispanic children 

the most.  
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Limitations and Strengths  

 The current thesis tested both the thrifty phenotype and overnutrition hypotheses applied 

to the study of pubertal timing, using a novel operationalization of associated pathways in a 

large, racially and ethnically diverse birth cohort. Several limitations must be considered when 

weighing the impact and implications of the present findings. As previously discussed, the 

measure of pubertal timing in the current thesis is not ideal, although not prohibitively so to not 

warrant this investigation. In brief, the limited ability of parent report of child puberty to capture 

true physiological pubertal development does not outweigh the potential benefit of learning 

about understudied populations in the study of pubertal timing in the models proposed here. 

Relatedly, the young age of the sample is a potential limitation that may have driven lack of 

findings, especially in the boys’ adrenal analysis, as age 9 is relatively young to capture pubertal 

timing and may lead to bias in the associations reported here. Namely, this bias may have 

strengthened the association between accelerated weight gain and childhood BMI with earlier 

perceived pubertal timing (path 3 & 5) by not providing a strong counterfactual (i.e., children 

with greater accelerated weight gain rates or elevated BMI with normal or even late timing of 

puberty). However, this sample is considered relatively high risk and so while this investigation 

may be biased toward early developers, these are the populations that may be at the most risk for 

the associated negative effects of early puberty and in most need of being identified and studied. 

The operationalization of the thrifty phenotype and fetal overnutrition hypotheses were 

limited to gross markers of growth. Birth weight is only a rough proxy for intrauterine growth 

and the use of BMI is limited as a measure of adiposity and may vary more so for non-white 

children. In order to limit the lack of precision of these two measures I obtained medical record 

birth weights and used BMI z-scores derived from standardized growth charts which corrects for 

child sex and age. While these markers of growth are widely used and were optimized as much 
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as possible within the parameters of the FFCWS, they are nevertheless lacking in precision and 

so both are limitations to the current study.  

The measure of self-reported SDP in the FFCWS was also a limitation to the current 

thesis because it did not ask mothers to report the timing of the exposure; it only asked for 

mothers to report on their average use throughout the entire pregnancy. Timing of SDP may be 

important for precision in testing the thrifty phenotype pathway since the majority of fetal 

growth takes place in the third trimester and may have a more salient effect on intrauterine 

growth at that time. Additionally, self-reported SDP is known to be underreported compared to 

more objective methods (Klebanoff et al., 1998). However, since effects of SDP were found, it is 

possible their effect size were underestimated and are stronger in reality.  

Despite these limitations, this thesis has a number of strengths, and adds to the puberty 

literature in several critical ways. First, this thesis determined that the thrifty phenotype and fetal 

overnutrition pathway generally equally predict perceived pubertal timing using measures of the 

developmental pathways that are often unavailable or unused in a single study. Relatedly, it also 

controlled for key environmental influences (a variety of sociodemographic indicators 

throughout childhood, breastfeeding duration, maltreatment and father absence) often unadjusted 

for in prenatal studies of pubertal timing. Together, this resulted in a comprehensive test of the 

hypothesized pathways and more precise estimates of perceived pubertal timing as an outcome. 

Second, the use of medical record data for obtaining prenatal indicators of the fetal overnutrition 

hypothesis and birth weight is a strength. Third, this thesis was the first to test multiple mediation 

in a longitudinal analytic framework that is consistent with both hypothesized pathways. This is 

particularly important in light of calls for longitudinal studies that begin before puberty in order 

to elucidate the origins of disease and conditions associated with early puberty (Dorn et al., 
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2019). Finally, this study contributed an investigation of perceived pubertal timing in a large 

sample of racially and ethnically diverse youth, who are understudied in the puberty literature 

(Deardorff et al., 2019; Mendle et al., 2019). 

Conclusions  

 This thesis tested developmental pathways for the thrifty phenotype and fetal 

overnutrition hypotheses applied to pubertal timing. This thesis found evidence that the thrifty 

phenotype and fetal overnutrition developmental pathways predicted perceived pubertal timing 

equally well in boys and girls. The maternal GWG fetal overnutrition pathways predicted 

puberty better in girls compared to the thrifty phenotype pathway but only for gonadal pubertal 

markers. Both pathways were generally supported when the sample was analyzed by 

race/ethnicity but the paths between accelerated weight gain and child BMI with perceived 

pubertal timing and indirect effect for the pathways were sparse. Future studies should use more 

objective measure of pubertal timing, such as, physical examination by a trained professional to 

limit bias in the developmental pathways.  

 

 

 

 

 

 

 

 

 



 

139 

APPENDIX A. BOYS’ CORRELATIONS 

SDP with ADP;          

SDP with ODP;  

SDP with GAcon;  

SDP with Incomecat;  

SDP with Education;  

SDP with MatNeeds;  

SDP with Maltreat; 

SDP with Food; 

SDP with bfed;  

SDP with fabs; 

SDP with White; 

SDP with Hispanic; 

SDP with other; 

SDP with PrepregBMI; 

SDP with catwtgain; 

ADP with ODP; 

ADP with mage; 

ADP with MatNeeds; 

ADP with Maltreat; 

ADP with fabs; 

ADP with White; 

ADP with Hispanic; 

ADP with Other; 

ADP with catwtgain; 

ODP with GAcon; 

ODP with incomecat; 

ODP with MatNeeds; 

ODP with Education; 

ODP with Food; 

ODP with Maltreat; 

ODP with bfed; 

ODP with fabs; 

ODP with Hispanic; 

PrepregBMI with mage; 

PrepregBMI with catwtgain; 

PrepregBMI with Incomecat; 

PrepregBMI with MatNeeds; 

PrepregBMI with Food; 

PrepregBMI with White; 

PrepregBMI with Other; 

PrepregBMI with fabs; 

catwtgain with GAcon; 

catwtgain with Incomecat; 

catwtgain with Education; 

catwtgain with White; 

mage with Incomecat; 

mage with Education; 

mage with MatNeeds; 

mage with Food; 

mage with Maltreat; 

Mage with bfed; 

mage with fabs; 

mage with White; 

mage with Hispanic; 

mage with other; 

GAcon with bfed; 

GAcon with Hispanic; 

Incomecat with Education; 

Incomecat with MatNeeds; 

Incomecat with Food; 

Incomecat with maltreat; 

Incomecat with bfed; 

Incomecat with fabs; 

Incomecat with White; 

Incomecat with Hispanic; 

Incomecat with Other; 

Education with MatNeeds; 

Education with Food; 

Education with bfed; 

Education with fabs; 

Education with White; 

Education with Hispanic; 

Education with Other; 

MatNeeds with Food; 

MatNeeds with bfed; 

MatNeeds with Maltreat; 

MatNeeds with fabs; 

MatNeeds with Hispanic; 

MatNeeds with Other; 

Food with maltreat; 

Food with bfed; 

Food with fabs; 

Food with White; 

Maltreat with bfed; 

Maltreat with fabs; 

Maltreat with White; 

Maltreat with Hispanic; 

bfed with fabs; 

bfed with White; 

bfed with Hispanic; 

bfed with Other; 

fabs with WHite; 

fabs with Hispanic; 

fabs with other; 

Hispanic with White; 

Other with White; 

Other with Hispanic; 
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APPENDIX B. GIRLS’ CORRELATIONS 

SDP with ADP;          

SDP with ODP;  

SDP with GAcon;  

SDP with Incomecat;  

SDP with Education;  

SDP with MatNeeds;  

SDP with Maltreat; 

SDP with Food; 

SDP with bfed;  

SDP with fabs; 

SDP with White; 

SDP with Hispanic; 

SDP with Other; 

ADP with ODP; 

ADP with mage; 

ADP with GAcon; 

ADP with Incomecat; 

ADP with Education; 

ADP with MatNeeds; 

ADP with Maltreat; 

ADp with Food; 

ADP with fabs; 

ADP with Hispanic; 

ADP with Other; 

ODP with catwtgain; 

ODP with mage; 

ODP with GAcon; 

ODP with incomecat; 

ODP with Education; 

ODP with Food; 

ODP with Maltreat; 

ODP with bfed; 

ODP with fabs; 

ODP with White; 

ODP with Hispanic; 

PrepregBMI with mage; 

PrepregBMI with GAcon; 

PrepregBMI with 

catwtgain; 

PrepregBMI with 

Incomecat; 

PrepregBMI with 

MatNeeds; 

PrepregBMI with Food; 

PrepregBMI with bfed; 

PrepregBMI with White; 

catwtgain with GAcon; 

catwtgain with Incomecat; 

catwtgain with Education; 

catwtgain with maltreat; 

mage with GAcon; 

mage with Incomecat; 

mage with Education; 

mage with MatNeeds; 

mage with Maltreat; 

Mage with bfed; 

mage with fabs; 

mage with White; 

mage with Hispanic; 

mage with other; 

GAcon with Incomecat; 

GAcon with MatNeeds; 

GAcon with bfed; 

GAcon with fabs; 

GAcon with White; 

GAcon with Hispanic; 

Incomecat with Education; 

Incomecat with 

MatNeeds; 

Incomecat with Food; 

Incomecat with maltreat; 

Incomecat with bfed; 

Incomecat with fabs; 

Incomecat with White; 

Incomecat with Hispanic; 

Education with MatNeeds; 

Education with Food; 

Education with bfed; 

Education with fabs; 

Education with White; 

Education with Hispanic; 

Education with Other; 

MatNeeds with Food; 

MatNeeds with Maltreat; 

MatNeeds with fabs; 

MatNeeds with Hispanic; 

Food with maltreat; 

Food with bfed; 

Food with fabs; 

Food with Hispanic; 

Food with Other; 

Maltreat with bfed; 

Maltreat with fabs; 

Maltreat with White; 

Maltreat with Hispanic; 

Maltreat with Other; 

bfed with fabs; 

bfed with White; 

bfed with Hispanic; 

bfed with Other; 

fabs with WHite; 

fabs with Hispanic; 

fabs with other; 

Hispanic with White; 

Other with White; 

Other with Hispanic; 
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APPENDIX C. BLACK BOYS’ CORRELATIONS 

SDP with ADP; 

SDP with ODP; 

SDP with catwtgain; 

SDP with mage; 

SDP with Incomecat; 

SDP with Education; 

SDP with MatNeeds; 

SDP with Food; 

SDP with Maltreat; 

SDP with bfed; 

SDP with fabs; 

ADP with ODP; 

ADP with mage; 

ADP with Incomecat; 

ADP with Education; 

ADP with MatNeeds; 

ADP with Maltreat; 

ADP with fabs; 

ODP with GAcon; 

ODP with incomecat; 

ODP with Education; 

ODP with MatNeeds; 

ODP with Food; 

ODP with Maltreat; 

ODP with bfed; 

PrepregBMI with mage; 

PrepregBMI with catwtgain; 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

PrepregBMI with bfed; 

catwtgain with GAcon; 

catwtgain with Incomecat; 

mage with Incomecat; 

mage with Education; 

mage with MatNeeds; 

mage with Maltreat; 

Mage with bfed; 

mage with fabs; 

Incomecat with Education; 

Incomecat with food; 

Incomecat with bfed; 

Incomecat with fabs; 

Education with MatNeeds; 

Education with bfed; 

Education with fabs; 

MatNeeds with Maltreat; 

MatNeeds with bfed; 

MatNeeds with food; 

MatNeeds with fabs; 

Food with maltreat; 

Food with fabs; 

bfed with fabs; 
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APPENDIX D. WHITE BOYS’ CORRELATIONS 

SDP with bfed; 

SDP with food; 

SDP with fabs; 

SDP with maltreat; 

ADP with ODP; 

ADP with mage; 

ADP with food; 

ADP with maltreat; 

ADP with Incomecat; 

ODP with mage; 

ODP with incomecat; 

ODP with Education; 

ODP with MatNeeds; 

ODP with Maltreat; 

ODP with bfed; 

ODP with food; 

ODP with fabs; 

PrepregBMI with mage; 

PrepregBMI with catwtgain; 

catwtgain with GAcon; 

mage with Incomecat; 

mage with Education; 

mage with MatNeeds; 

Mage with bfed; 

mage with fabs; 

mage with food; 

mage with Maltreat; 

Incomecat with Education; 

Incomecat with MatNeeds; 

Incomecat with Food; 

Incomecat with maltreat; 

Incomecat with bfed; 

Incomecat with fabs; 

Education with MatNeeds; 

Education with Food; 

Education with Maltreat; 

Education with bfed; 

Education with fabs; 

MatNeeds with Maltreat; 

MatNeeds with fabs; 

MatNeeds with bfed; 

MatNeeds with food; 

Food with maltreat; 

Food with bfed; 

Food with fabs; 

Maltreat with bfed; 

Maltreat with fabs; 

bfed with fabs; 
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APPENDIX E. HISPANIC BOYS’ CORRELATIONS 

SDP with ADP; 

SDP with ODP; 

SDP with MatNeeds; 

SDP with Maltreat; 

SDP with bfed; 

SDP with fabs; 

ADP with ODP; 

ADP with mage; 

ODP with incomecat; 

ODP with MatNeeds; 

ODP with fabs; 

ODP with bfed; 

ODP with food; 

ODP with Maltreat; 

PrepregBMI with catwtgain; 

PrepregBMI with Incomecat; 

PrepregBMI with bfed; 

PrepregBMI with food; 

catwtgain with GAcon; 

mage with Incomecat; 

mage with Education; 

mage with Maltreat; 

Mage with bfed; 

mage with fabs; 

GAcon with Education; 

GAcon with MatNeeds; 

GAcon with bfed; 

Incomecat with Education; 

Incomecat with MatNeeds; 

Incomecat with Food; 

Incomecat with fabs; 

Education with Food; 

MatNeeds with Maltreat; 

Matneeds with food; 

MatNeeds with bfed; 

MatNeeds with fabs; 

Food with maltreat; 

Food with fabs; 

bfed with fabs; 
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APPENDIX F. BLACK GIRLS’ CORRELATIONS 

SDP with ADP;          

SDP with ODP;  

SDP with catwtgain;  

SDP with mage; 

SDP with GAcon; 

SDP with Incomecat;  

SDP with Education;  

SDP with MatNeeds;  

SDP with Maltreat; 

SDP with bfed;  

SDP with fabs; 

ADP with ODP; 

ADP with mage; 

ADP with GAcon; 

ADP with Incomecat; 

ADP with Education; 

ADP with Maltreat; 

ADP with fabs; 

ODP with catwtgain; 

ODP with GAcon; 

ODP with mage; 

ODP with incomecat; 

ODP with Education; 

ODP with Food; 

ODP with Maltreat; 

ODP with bfed; 

ODP with fabs; 

PrepregBMI with mage; 

PrepregBMI with 

catwtgain; 

PrepregBMI with 

MatNeeds; 

PrepregBMI with fabs; 

catwtgain with GAcon; 

catwtgain with Incomecat; 

catwtgain with bfed; 

mage with GAcon; 

mage with Incomecat; 

mage with Education; 

mage with Maltreat; 

Mage with bfed; 

mage with fabs; 

Incomecat with 

Education; 

Incomecat with food; 

Incomecat with bfed; 

Incomecat with fabs; 

Education with food; 

Education with bfed; 

Education with fabs; 

MatNeeds with Maltreat; 

MatNeeds with bfed; 

MatNeeds with food; 

MatNeeds with fabs; 

Food with maltreat; 

Food with fabs; 

bfed with fabs; 
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APPENDIX G. WHITE GIRLS’ CORRELATIONS 

SDP with ADP;          

SDP with ODP; 

SDP with mage;     

SDP with Incomecat;  

SDP with Education;  

SDP with MatNeeds;  

SDP with bfed;  

SDP with food;  

SDP with fabs; 

SDP with maltreat;  

ADP with ODP; 

ADP with mage; 

ADP with MatNeeds; 

ADP with food; 

ADP with maltreat; 

ADP with bfed; 

ODP with incomecat; 

ODP with Education; 

ODP with MatNeeds; 

ODP with Maltreat; 

ODP with fabs; 

PrepregBMI with mage; 

catwtgain with GAcon; 

mage with Incomecat; 

mage with Education; 

mage with MatNeeds; 

Mage with bfed; 

mage with fabs; 

mage with food; 

mage with Maltreat; 

Incomecat with 

Education; 

Incomecat with 

MatNeeds; 

Incomecat with Food; 

Incomecat with maltreat; 

Incomecat with bfed; 

Incomecat with fabs; 

Education with 

MatNeeds; 

Education with Food; 

Education with Maltreat; 

Education with bfed; 

Education with fabs; 

MatNeeds with Maltreat; 

MatNeeds with fabs; 

MatNeeds with bfed; 

MatNeeds with food; 

Food with maltreat; 

Food with bfed; 

Food with fabs; 

Maltreat with bfed; 

Maltreat with fabs; 

bfed with fabs; 
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APPENDIX H. HISPANIC GIRLS’ CORRELATIONS 

SDP with ADP;          

SDP with ODP;  

SDP with Incomecat; 

SDP with Education; 

SDP with MatNeeds; 

SDP with Maltreat;   

SDP with bfed;  

SDP with fabs; 

ADP with ODP; 

ADP with mage; 

ADP with GAcon; 

ADP with Food; 

ODP with GAcon; 

ODP with education; 

ODP with fabs; 

ODP with food; 

PrepregBMI with 

catwtgain; 

PrepregBMI with mage; 

PrepregBMI with bfed; 

catwtgain with GAcon; 

catwtgain with 

incomecat; 

catwtgain with bfed; 

catwtgain with fabs; 

mage with GAcon; 

mage with Incomecat; 

mage with Education; 

mage with Maltreat; 

Mage with bfed; 

mage with fabs; 

GAcon with Education; 

GAcon with MatNeeds; 

Incomecat with 

Education; 

Incomecat with 

MatNeeds; 

Incomecat with Food; 

Incomecat with fabs; 

Education with Food; 

Education with Maltreat; 

Education with Fabs; 

MatNeeds with Maltreat; 

Matneeds with food; 

MatNeeds with fabs; 

Food with fabs; 

bfed with fabs; 
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