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ABSTRACT 

Background: Evidence from animal, epidemiologic, and intervention studies suggests 

that prenatal and early postnatal nutritional exposures may program growth-regulating 

hormones, fetal and childhood growth patterns, and ultimately risk of associated chronic 

diseases in later life. Approaches to understanding and preventing unfavorable growth 

patterns and chronic disease increasingly emphasize a life-course perspective. Objective: 

The objective of this dissertation was to explore the role of early-life exposure to dietary 

protein in programming fetal and childhood growth, including evaluating the role of the 

insulin-like growth factor (IGF) axis. Methods: We used data from Project Viva, a 

Boston, MA-based cohort of mother-child pairs. We analyzed energy- and weight-

adjusted maternal and child protein intakes assessed by food frequency questionnaire. We 

used multivariable linear regression models adjusted for covariates to assess the 

following associations: Aim 1: Maternal 1st- and 2nd-trimester protein intake with 

offspring length at birth and in infancy (~6mo), early childhood (~3y), and mid-

childhood (~7y) (N=1961); Aim 2: Maternal 2nd-trimester protein intake with cord blood 

IGF-I, IGF-II, IGFBP-3 and insulin levels, including effect modification by child sex and 

parity (N=938); and Aim 3: Early childhood protein intake with adiposity (BMI z-score, 

sum of skinfolds and dual X-ray absorptiometry (DXA) fat mass), height and IGF-I levels 

in mid-childhood (N=1058). Results: Mean 2nd-trimester protein intake was 1.4g/kg/d. 

Mothers were predominantly white, college-educated, and non-smokers. Aim 1: In 

adjusted models, each 1-SD (0.36g/kg/d) increment in 2nd-trimester protein intake 

corresponded to changes of -0.10 (95% CI: -0.18, -0.03) in birth length z-score;  

-0.03cm/mo (95% CI: -0.05, -0.01) in slope of length growth from birth to <6mo; and  

-0.09cm/y (95% CI: -0.14, -0.05) in slope of length growth from 6mo to mid-childhood. 

Aim 2: In adjusted models, each 1-SD (0.35g/kg/d) increment in 2nd-trimester protein 

intake corresponded to changes of -0.71 (-2.48, 1.05) ng/mL in IGF-I, -12.2 (-19.3, -5.14) 

ng/mL in IGF-II, -37.2 (-60.7, -13.6) ng/mL in IGFBP-3 and -0.89 (-1.44, -0.34) uU/mL 

in insulin. Associations with IGF-II were stronger in girls (p for interaction =0.05) and 

multiparous mothers (p for interaction =0.03), and associations with IGFBP-3 were 

stronger in multiparous mothers (p for interaction=0.03). Aim 3: Mean early childhood 

protein intake was 58.2g/d, well above the US recommendation of 13g/d for 1-3y. Early 

childhood protein intake was not associated with any mid-childhood outcomes. In 

adjusted models, the βs (95% CIs) for the difference in outcome corresponding to the 

highest vs. lowest quartile of protein intake were: 0.13 (-0.05, 0.30) BMI z-score; 0.02  

(-1.66, 1.69) for SS+TR skinfolds (mm); -0.04 (-0.72, 0.63) for DXA fat mass (kg); 0.05 

(-0.11, 0.21) for height z-score; and -5.30 (-29.6, 19.0) for IGF-I (ng/mL). Conclusions: 

In a cohort of pregnant women with relatively high average protein intake, higher intake 

was associated with shorter offspring birth length, slower linear growth into mid-

childhood, and lower levels of growth-promoting hormones in cord blood. Results 

suggest that high protein intake during pregnancy does not increase fetal and child 

growth and may even reduce early length growth, possibly via effects on hormones. 

Additionally, our results do not support a role for early childhood protein intake in 

programming later adiposity or height growth in children with high average intake. 
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Chapter 1: Introduction 

 

1.1. Statement and Significance of the Problem 

Childhood obesity and the subsequent metabolic sequelae have increased globally 

in recent decades, with both short- and long-term consequences for individual and public 

health. (1,2) In addition, many chronic diseases that manifest in adulthood may actually 

have their origins in early life – childhood, infancy, or the prenatal period. (3) It is 

important to understand the life course development of these diseases and related 

disorders in order to target interventions to the appropriate time period, particularly when 

taking a prevention-oriented approach to combating adult chronic disease. A key 

component of this process is identifying factors that contribute to setting individuals on a 

path towards obesity and/or an adverse metabolic profile at a young age, as it is difficult 

to change patterns once they are established. 

Evidence from animal, epidemiologic, and intervention studies suggests that 

prenatal and early postnatal nutritional exposures may program growth-regulating 

hormones, fetal and childhood patterns of weight gain and linear growth, and, 

consequently, risk of associated chronic diseases in later life. (4–16) However, the 

specific mechanisms have yet to be fully elucidated. Long-term programming of the IGF 

axis by the nutritional environment in early life may provide a mechanism linking these 

early-life nutritional exposures to risk of chronic disease in adulthood, at least in part 

through effects on early growth. IGF-I levels in adults, which may be programmed early 

in life by post- and possibly prenatal nutrition, are related to risk of chronic diseases 
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including cancer (associated with higher IGF-I concentrations), ischemic heart disease, 

type II diabetes, and cognitive decline (associated with lower IGF-I concentrations). 

(4,6,17) Figure 1.1 is a theoretical model depicting the connections among nutritional 

factors, hormone levels, and growth in early life and later health outcomes such as 

obesity and chronic disease. As shown in the figure, there is evidence that diet during 

infancy, generally operationalized as breast- vs. formula-fed or fed with low- vs. high-

protein formulas, has been associated with cross-sectional measures of growth and IGF-I 

levels as well as later growth-related outcomes. The individual relationships will be 

described in more detail in Chapter 2. 

 

Figure 1.1: Relationships among early-life nutritional exposures, IGF-I, growth, and later 

obesity and chronic disease 

 

The ‘growth acceleration hypothesis’ proposed by Singhal and Lucas postulates that an 

accelerated rate of growth during critical periods, including fetal development, early 

infancy, and childhood, may program risk of cardiovascular disease and adverse 

metabolic characteristics. (18) This hypothesis provides a proposed pathway underlying 
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the observed associations of early nutrition with weight gain and future risk of chronic 

disease. Excessive nutrition in the first few weeks of life may be of particular interest 

given that it stimulates accelerated weight and length gain in early infancy. (18) A 

systematic review of studies examining rapid weight gain in the first two years of life and 

future obesity risk found consistent positive associations in both average and low-

birthweight infants. (19) Additionally, pre-pubertal linear growth is reflected primarily in 

leg (as opposed to trunk) length, and adult chronic diseases are more strongly associated 

with leg length than overall measures of linear growth (i.e. height). This provides further 

evidence to suggest that pre-pubertal factors influencing growth, such as early nutritional 

exposures, may be more important in determining adult disease risk than later-life 

exposures. (7,20)  

 The related ‘early protein hypothesis’ attributes accelerated weight gain in the 

first two years of life to higher protein intake specifically, with possible mediation by 

IGF-I. (16,21) Both childhood height and milk intake have been associated with adult 

chronic disease risk, which may reflect their common association with IGF-I 

 Recent approaches to understanding and preventing adverse growth patterns and 

chronic disease increasingly emphasize a life-course perspective. A cohort study that 

includes prospective dietary information in both the prenatal and postnatal period as well 

as detailed information on multiple components of early growth, measures of several 

growth-promoting hormones at multiple time points, and detailed, comprehensive data on 

potential covariates is uniquely suited to studying these relationships and contributing to 

an understanding of the complex early-life mechanisms that may determine health 

outcomes over an individual’s lifetime. 
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1.2. Specific Aims and Hypotheses 

The overall objective of this dissertation is to explore the role of early-life 

exposure to dietary protein in programming fetal and childhood linear growth and weight 

gain in the offspring, including evaluating the role of the insulin-like growth factor (IGF) 

axis. The major exposures, outcomes and covariates included in each aim are identified in 

the theoretical model presented in Figure 1.2. The data for this research come from 

Project Viva, a cohort study based in Eastern Massachusetts following pregnant women 

and their offspring.  

Specific Aim 1: To examine associations of maternal protein intake during 

pregnancy with measures of offspring linear growth at birth and up to mid-

childhood. 

Central hypothesis: Higher maternal protein intake (adjusted for total energy) during 

pregnancy will be associated with greater weight and length for gestational age at birth, ,  

more rapid linear growth in infancy and early childhood and reduced linear growth in 

mid childhood. 

Specific Aim 2: To examine associations of maternal protein intake during 

pregnancy with levels of IGF-I, IGF-II, IGFBP-3 and insulin in cord blood.  

Central Hypothesis: Higher maternal intake of protein (adjusted for total energy) will be 

associated with lower cord blood levels of IGF-I, IGF-II, IGFBP-3 and insulin. 

Specific Aim 3: To examine associations of protein intake in early childhood with: a) 

measures of adiposity (BMI z-score, skinfold thicknesses, and DXA fat mass) in 
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mid-childhood; b) height z-scores in mid-childhood; and c) IGF-I levels in mid-

childhood. 

Central Hypothesis: Early childhood diets characterized by higher protein intake will be 

associated with: 

a) Higher adiposity in mid-childhood 

b) Higher height z-scores in mid-childhood 

c) Lower IGF-I levels in mid-childhood 

 

1.3. Study Population and Design  

We conducted this research using data from Project Viva, a cohort of mother-child pairs 

whose overall goal is to study pre- and perinatal influences on perinatal and childhood 

health outcomes. Project Viva has collected data on all of the factors of interest in this 

project, including maternal diet during the first and second trimesters of pregnancy, child 

diet in early childhood, levels of growth-regulating hormones in cord blood and at mid-

childhood, and child length/height and various measures of weight and body composition 

from delivery through mid-childhood. Project Viva also has extensive, detailed 

information on many potential confounders of the associations between nutritional 

exposures, hormone levels, and child growth. The cohort and study design are described 

in detail in Chapter 3.
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Figure 1.2: Theoretical model of exposures, outcomes, and covariates for Aims 1-3. 

Brackets indicate the aim(s) that include each variable. 
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Chapter 2: Review of the Literature 

 

2.1. Overview 

Growth during infancy and childhood encompasses increases in stature (length/height) as 

well as gains in adiposity and lean body mass, and these components of growth are determined by 

both genetic and environmental factors. Considerable research has been conducted on the 

relationships of nutritional factors in early postnatal life with concurrent and future hormone 

levels and growth patterns. Evidence suggests that early nutritional exposures may program 

growth-promoting hormones and growth patterns, and as a result, impact later development of 

growth-related diseases and conditions. (1)  

Programming has been defined as “a physiological 'setting' by an early stimulus or insult 

at a critical period, with long term consequences for function. The term 'programming' has been 

applied to…processes in which the programming stimulus only exerts long-term effects when 

applied at a 'critical' or 'sensitive' period.” (2) This concept can be applied to the long-term effects 

of nutritional exposures during the prenatal period and early childhood on hormone levels and 

growth patterns. The insulin-like growth factor (IGF) axis is of particular interest in this context 

due to its major influence on growth during gestation, (3–6) infancy, (7,8)  and childhood, (9) as 

well as its sensitivity to the early nutritional environment. (10–12)  

  This chapter will review the existing literature on associations of growth-regulating 

hormones with growth during gestation, infancy, and early childhood, as well as the relationship 

of early nutritional exposures, particularly protein intake, with these hormones and measures of 

growth. The relationship of maternal protein intake during pregnancy with early growth has not 

been clearly defined and is the subject of Manuscript #1 (Chapter 4). Although there is 
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considerable evidence linking postnatal protein intake to levels of growth-regulating hormones, 

studies examining the relationship of maternal diet during pregnancy with fetal hormone levels 

are lacking in humans. Manuscript #2 (Chapter 5) focuses on this relationship. Finally, this 

chapter will review existing evidence for the roles of postnatal nutrition and the IGF system in 

regulating linear growth and adiposity at different stages in early life, which is addressed in 

Manuscript #3 (Chapter 6).  

 

2.2. Regulation of Growth by the IGF Axis 

General Physiology of the IGF Axis 

The overall IGF axis includes three ligands (insulin, IGF-I, IGF-II); at least four 

receptors; and six high-affinity IGF binding proteins (IGFBPs), as well as IGFBP proteases and 

IGFBP receptors. (13) In children and adults, circulating IGF-I is primarily produced by the liver 

in response to growth hormone (GH), and it acts on the pituitary to inhibit GH secretion in a 

negative feedback mechanism. Many other tissues produce IGF-I, which also has autocrine and 

paracrine actions. (13) The IGF axis is the primary regulator of both pre- and postnatal growth. 

IGF-I and IGF-II, both homologues of insulin, bind to the IGF-I receptor (IGF-IR). Binding 

induces activation of AKT, a protein kinase involved in cellular proliferation and migration and 

induction of protein synthesis pathways, and mitogen-activated protein kinase (MAPK) signaling, 

leading to cell proliferation, differentiation and survival and ultimately affecting growth. (14) 

While IGF-I and insulin directly stimulate tissue accretion, IGF-II is a more general regulator of 

cell growth and differentiation. Both IGF-I and IGF-II can inhibit apoptosis. (15,16) IGFBPs limit 

availability of free IGF, the biologically active form, to IGFRs, and may also have independent 

biological effects. (13) The primary IGFBP in circulation is IGFBP-3, which binds both IGF-I 
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and IGF-II in a ternary complex with the acid labile subunit. This prolongs the half-life of the 

IGFs, which are unstable and susceptible to degradation in their unbound forms. (17–19) 

Hormonal Regulation of Postnatal Growth  

Postnatally, IGF-II is an important regulator of cell proliferation, growth, migration, 

differentiation, and survival, but its primary role in growth promotion is during the fetal period, as 

discussed below. (19) IGF-I plays a key role in early postnatal growth, including both linear 

growth and development of overweight and obesity. In infancy and childhood, growth is 

stimulated by IGF-I, which is responsive to nutrition in infancy with a transition to regulation by 

growth hormone (GH) in childhood. (1) As described above, GH induces local and systemic IGF-

I production and is in turn regulated by IGF-I levels via a negative feedback mechanism. IGF-I 

affects both linear and muscle growth directly – it enhances uptake of glucose and amino acids 

and inhibits protein breakdown, resulting in an overall anabolic effect. It also acts on the growth 

plate and cartilage to stimulate growth. (9) Additionally, IGF-I influences postnatal growth via 

mediation of GH release and action. Obese children have high levels of IGF-I and reduced GH, 

probably due to the hypothesized negative feedback response of GH to IGF-I levels. (17,20)  

Associations of IGF-I with growth seem to vary across different stages of early life. 

There is a direct association during embryonic development, and IGF-I levels in cord blood are 

positively correlated with birth weight. (13) This association later reverses, as IGF-I 

concentrations in later infancy and early childhood are inversely related to birth weight and length 

across the range of normal birth weights and after controlling for current weight. (9,20) In the 

ALSPAC cohort in the UK, IGF-I at age five was inversely associated with birth weight and 

directly correlated with current weight and height. Additionally, children in this study 

demonstrating catch-up growth (i.e. gains in weight or length/height SD scores greater than 0.67) 

from 0-2 years had higher levels of IGF-I at age five independent of current size, suggesting 
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programming of childhood IGF-I levels by early rate of weight gain. (9) In the Danish SKOT 

cohort, IGF-I concentrations at nine months were negatively associated with birth weight and 

positively associated with increases in weight and length up to nine months of age, again 

suggesting possible prenatal programming of IGF-I and consequently, of early childhood growth. 

Furthermore, IGF-I at 9 months was directly associated with change in length but not weight 

between nine and 18 months, resulting in a negative association with BMI. (20)  

These findings, which have also been supported by other studies, suggest that IGF-I 

levels in infancy may play a role in early adiposity development, either by stimulating greater 

gains in length than adiposity over time, or alternatively, by accelerating onset of the adiposity 

rebound. The adiposity rebound generally begins at age 5-7 at the point of lowest BMI and 

corresponds to the second increase in BMI in early childhood, (21,22) followed by a rapid 

increase in adiposity and BMI. (7,8,20) An earlier adiposity rebound is characteristic of the 

childhood growth pattern observed in recent generations in industrialized nations and associated 

with increased risk of chronic metabolic disease. This pattern is described as a low BMI in early 

childhood as a result of rapid height gains and decreased body fat, followed by adiposity rebound 

at a younger age, greater subsequent gains in adiposity, and increased risk of later obesity. (22) 

Age at adiposity rebound predicts adult adiposity better than weight or BMI in early childhood, 

and may be more important for development of metabolic diseases than consistent high adiposity. 

(22,23) Growth rates in early life are also related to the rate of maturation in later childhood and 

age at puberty onset, (24) possibly via programming effects on IGF-I, which may stimulate sexual 

maturation. (9)  

Hormonal Regulation of Fetal Growth  

At around 10-20 weeks gestation, placental growth hormone replaces pituitary growth 

hormone, the major regulator of postnatal growth and circulating IGF levels, in the maternal 
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circulation. Placental growth hormone acts on the maternal organs, including the liver, to 

stimulate gluconeogenesis and lipogenesis and increase nutrient availability for the fetus. (13) In 

addition, maternal levels of IGF axis hormones increase during pregnancy but do not cross the 

placenta, suggesting that these maternal hormones may regulate partitioning of nutrients between 

the mother, fetus and placenta but not directly impact fetal growth. (25)  

Pituitary growth hormone is abundant in the fetal circulation during the second half of 

gestation. However, there are few GH receptors in the fetal circulation, and thus IGF-I secretion 

and linear growth are mostly independent of GH until after birth. Instead, the IGF axis is 

primarily regulated by nutrition in the prenatal period. (26)  

Both IGF-I and IGF-II are present in the fetal bloodstream and tissues throughout 

gestation. IGF-I is directly correlated with birth weight and levels are lower in fetuses exhibiting 

intrauterine growth restriction and higher in large-for-gestational age (LGA) newborns. (11,13) 

While cord blood IGF-II is not associated with birth weight, it is thought to be the primary 

regulator of placental growth and nutrient transfer and embryonic growth. (11,12) Igf2 expression 

is more abundant than Igf1 expression in fetal tissues, and fetal and cord blood levels of IGF-II 

are 3-10 times higher than levels of IGF-I. IGF-II stimulates growth directly and through 

regulation of the growth and nutrient-transport functions of the placenta, and over-expression of 

IGF-II results in fetal overgrowth. Taken together, this evidence suggests that IGF-II may be the 

primary IGF involved in fetal growth, with a shift to regulation of growth by IGF-I after birth. 

(11,12,15) Fetal growth is similarly inhibited by deletion of either the Igf1 or Igf2 gene, and 

deletion of the Igf1r gene produces more extreme effects, suggesting that both IGF-I and IGF-II 

stimulate growth through binding to the IGF-IR. (15) 

Other components of the IGF axis contribute to fetal growth through interaction with the 

IGFs as well as independent regulation of growth. Insulin, produced by the fetal pancreas, 
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mediates the nutritional regulation of IGF levels by stimulating fetal IGF-I production in response 

to availability of nutrients. Insulin is also an independent promoter of fetal growth through its 

anabolic effects on fetal metabolism. (13,16,26) The IGF binding proteins (IGFBPs) are also 

involved in fetal growth regulation. They bind IGF-I and IGF-II, limiting their bioactivity, and 

may also have independent effects on growth. IGFBP-I is inversely related to insulin and 

measures of fetal growth, and may be the primary IGFBP during gestation. IGFBP-3 is the major 

IGFBP in childhood/adolescence but does not have an established independent role in fetal 

growth. (25) IGFBP-3 has been associated with measures of fetal growth, which may indicate that 

it is important in regulating growth during gestation or simply reflect its tracking with IGF-I. (1) 

Epidemiologic studies have examined IGF axis hormones in relation to various measures 

of size at birth. In healthy newborns, cord blood IGF-I has been positively associated with birth 

weight, (3–5,27,28) birth length, (3,4,27) ponderal index (a weight-for-length measure used as an 

indicator of newborn adiposity), (3,5,28) placental weight, (5) and other measures of both 

adiposity and lean mass. (5,27,28) Studies that looked at IGFBP-3 found positive associations 

with birth weight, (3,4) birth length, (3) ponderal index, (3,28) placental weight, (28) and 

measures of adiposity (5,28), which may reflect tracking with IGF-I or an independent role in 

stimulating fetal growth. Additionally, a small study of Pakistani infants found that IGF-I levels 

in placental tissue were lower in SGA babies than in LGA babies and correlated with newborn 

length in the SGA group and with newborn weight in both the SGA and LGA groups. (29) Few 

studies have examined associations of IGF-II with newborn anthropometry, but one study found 

associations of IGF-II with placental weight and ponderal index. (3) Finally, a meta-analysis of 

studies compared cord blood levels of IGF-I, IGF-II, IGFBP-1 and IGFBP-3 among babies born 

SGA, AGA and LGA. Compared to AGA babies, LGA babies had higher cord levels of IGF-I 

and IGFBP-3 than AGA babies but similar levels of IGF-II. Cord IGF-I levels were not 

significantly different between SGA and AGA babies but IGFBP-1 levels were higher in SGA 
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babies. The results of this meta-analysis suggest that IGF-I may be a more important regulator of 

growth in larger babies, or that it does not regulate fetal growth at all but rather is produced in 

response to higher fetal insulin levels, which stimulate growth. (25) 

 

2.3. Nutritional Influences on IGF Axis Hormones and Growth in Early Life 

The GH/IGF axis matures gradually during the first two years of life, as hepatic GH 

receptors increase and there is a shift towards regulation of IGF-I by growth hormone. In contrast, 

the fetal and infant IGF system responds directly to the nutritional environment. (26) There is 

considerable evidence that dietary protein intake during infancy is related to IGF-I levels and 

growth. Infant diet is a more direct measurement of nutritional exposure during this period than 

maternal diet is in the fetal period, and there are differences among the fetal, infant and early 

childhood developmental phases in the physiology of hormone regulation and hormonal 

influences on growth. Thus, it is hard to extrapolate from effects of dietary protein intake during 

infancy to effects during earlier or later time periods. However, dietary protein intake during 

infancy has been more comprehensively studied than at other time points, and an understanding 

of the relationships of infant protein intake with postnatal levels of IGF axis hormones and 

growth provides important context for developing and understanding the results of studies 

conducted in prenatal life (Manuscripts #1 and #2) and later in childhood (Manuscript #3). 

Therefore, the literature on infant protein intake is summarized here. 

Programming of the IGF Axis and Growth by Early-Life Nutrition 

Infant protein intake appears to play a major role in determining IGF-I levels, and 

consequently, growth patterns in infancy and childhood. (30,31) The high protein-to-fat ratio 

typical of commercial infant formula (approximately 10% of total energy) differs substantially 
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from the composition of human breast milk, which provides approximately 6% of total energy as 

protein and 52% as fat to accommodate the high energy needs of infants. (32) One study of 

German infants found that at three months, median daily protein intake was 1.6 g/kg of body 

weight/d in breastfed boys and girls compared to 2.5 g/kg/d in formula-fed boys and 2.3 g.kg/d in 

formula-fed girls. A high-protein, low-fat diet may cause formula-fed infants to experience an 

energy deficit, which programs a persistent “thrifty metabolism.” (22)  

Multiple studies have found that non-breastfed infants have higher IGF-I levels at 

different time points throughout the first 9 months of life (7,8,20,31,33–35). In one of these 

studies, the formula-fed infants had higher IGF-I levels at three months and showed greater gains 

in body weight, length, BMI and adiposity between three and 12 months. (7) However, in the 

Danish SKOT cohort, breastfeeding status at 9 months was not associated with IGF-I levels at 36 

months, suggesting that either the relationship may be transient, or effects of long-term 

programming of the IGF axis are not yet apparent at 36 months. (36) Additionally, two separate 

European trials the European Childhood Obesity Project (CHOP trial) and the Early Protein and 

Obesity in Childhood (EPOCH) study, compared healthy term infants randomized to receive 

higher-protein (2.7g/100 kcal for infant and follow-on formulas in EPOCH; 2.9g/100 kcal for 

infant and 4.4g/100 kcal for follow-on formulas in CHOP) or lower-protein (1.8 g/100 kcal for 

infant and follow-on formulas in EPOCH; 1.77g/100 kcal for infant and 2.2g/100 kcal for follow-

on in CHOP) infant formulas for the first 12 months of life. In CHOP, infants randomized to the 

higher-protein formula had higher IGF-I levels at six months than infants in the lower-protein 

formula group. (34) IGF-I levels at four months were similar between the two formula groups in 

EPOCH. The CHOP trial found sex-specific effects, with stronger associations of a high-protein 

formula with IGF-I axis parameters among girls. (37) Both studies also included a comparison 

group of infants exclusively breastfed to three months of age and found that both the high- and 

low-protein formula groups had higher IGF-I levels than breastfed infants at four (EPOCH), six 
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(CHOP) and nine (EPOCH) months of age. (33,34) The total protein content of the low-protein 

formulas were similar to that of breast milk, yet the lower level of essential amino acids observed 

in the breastfed group compared to the formula groups in CHOP suggests that the protein 

composition and not just the amount may impact IGF-I levels. (34)  

There are fewer studies examining protein intake in older children, after the transition to 

solid foods. Whole cow’s milk is frequently introduced around the age or 12 months. 

Approximately 22% of energy in whole milk comes from protein, and the transition from breast 

milk or formula to whole milk and “family foods” results in a substantial increase in protein 

intake after weaning. (38) Results of the available studies are inconsistent, possibly due to 

differences in the timing of exposure and outcome assessments. A small randomized trial in 

healthy, term Danish infants examined the effect of randomization to whole milk or infant 

formula at 9 months on IGF-I and measures of growth between 9 and 12 months. Serum urinary 

nitrogen, a biomarker of protein intake, was higher in the whole milk group, but there was no 

association with weight or length at 12 months or change in weight or length between 9 and 12 

months. However, boys in the whole milk group had higher IGF-I levels at 12 months than boys 

in the infant formula group, indicating that higher protein intake during the complementary 

feeding period increases IGF-I levels in boys. (38) Hoppe et al. found that protein intake at 9 

months of age was associated with height and weight at 10y in healthy Danish children, but the 

association disappeared after accounting for body size at the time of diet assessment, which was 

also strongly correlated with protein intake. Additionally, there were no associations between 

protein intake at 9mo and BMI or % body fat at 10y in that study. (39) Günther et al. studied 

habitual protein intake between 12-24 months of age in a cohort of German children and found 

that girls in the highest tertile of protein intake had a higher BMI-SDS at onset of the adiposity 

rebound than girls in the lowest tertile of intake. There was no association in boys, and protein 

intake was not associated timing of the adiposity rebound. (40) In contrast, a longitudinal study of 
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French children found that greater protein intake at age two was associated with an earlier 

adiposity rebound and increased adiposity at age eight. The authors suggested that high protein 

intakes in early childhood may trigger earlier increases in IGF-I, which is usually low up to age 

eight, resulting in accelerated onset of the adiposity rebound and greater accumulated adiposity. 

(41) This is consistent with the reduced BMI, low body fat, and rapid early height increases 

observed in children with early adiposity rebound, which is discussed in more detail below. 

Finally, a cross-sectional study of 7-8-year-old children from the ALSPAC cohort found an 

association between intake of milk and dairy products and IGF-I, but this result appeared to be 

driven by intake of total or animal protein rather than milk or dairy products specifically. (42)  

While higher protein intake in early life appears to be associated with accelerated early 

gains in stature and accumulated adiposity as well as with higher IGF-I levels in infancy and early 

childhood, breastfeeding is associated with lower IGF-I levels (8,20,35) and linear growth in 

infancy. (20) Additionally, there is a reversal of this association in later childhood, when children 

who were breastfed as infants exhibit higher IGF-I levels (43) and greater linear growth. (30) This 

programming effect appears to persist into later life as well. Greater dairy milk intake in 

childhood has been associated with higher IGF-I levels in childhood but lower IGF-I levels in 

later adulthood. (50,61)  

The pattern of early-life nutritional exposures showing opposite associations with IGF-I 

levels in early childhood vs. later childhood/adulthood has been observed consistently in different 

populations. Studies within at least five different cohorts (the Copenhagen, Barry-Caerphilly, 

Boyd Orr, Dutch Famine and ALSPAC cohorts) have found evidence supporting a direct 

association of intake of protein or milk/dairy intake in early life with IGF-I levels in early 

childhood, and a reversal of this association in later childhood persisting into adulthood. In the 

Copenhagen cohort study of infant nutrition and growth, serum IGF-I levels in infancy (age nine 

months) were significantly inversely related to IGF-I levels at 17 years of age. (31) Additionally, 
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a randomized controlled trial of pre- and postnatal milk supplementation (the Barry Caerphilly 

Growth Study) found lower levels of IGF-I and the IGF-I:IGFBP-3 molar ratio at age 25 among 

subjects in the intervention arm, who were provided with tokens for additional free dairy milk 

delivery throughout pregnancy and throughout the first five years of their child’s life. (44)  

Similarly, the 65-year follow-up of the Boyd-Orr cohort found an inverse association between 

childhood per-capita family intake of dairy milk and milk products and IGF levels in older 

adulthood. (45) Among postmenopausal women who were exposed to the Dutch famine in 

childhood, greater exposure to the famine in early life was associated with higher IGF-I and 

IGFBP-3 in adulthood. (46)  Finally, in a subset of the ALSPAC cohort, children who were 

breastfed in infancy (and therefore had lower protein intake) had higher IGF-I levels at age 7-8 

years, with a dose-response effect on IGF-I levels observed in those who were partially and 

exclusively breastfed compared to never breastfed. (43) In summary, several studies in different 

populations have found evidence for an inverse association between intake of protein and/or dairy 

products in early postnatal life and IGF-I levels in adulthood, suggesting that there are long-term 

implications of early-life nutrition for later health. 

The proposed mechanism of long-term programming of the IGF-I axis by early 

nutritional exposures involves a homeostatic “reset” of the pituitary gland, which is the primary 

source of GH and shows a negative feedback response to IGF-I levels (Figure 2.1). IGF-I 

secretion by the liver is stimulated by GH as well as by many nutrients and insulin. Suppression 

of GH output in response to increased IGF-I levels during “critical periods” in early childhood is 

hypothesized to result in a long-term resetting of the pituitary, reducing GH output and therefore 

IGF-I production in later life. Conversely, nutrient restriction like that resulting from the Dutch 

Famine during these same critical periods may induce a long-term up-regulation of IGF-I 

production through a similar resetting of the pituitary but with opposite effect. (44)  
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Figure 2.1: Proposed mechanism of pituitary reset 

 

Maternal Diet during Pregnancy and Fetal Hormone Levels 

Much of the literature on nutritional regulation of fetal growth and hormone levels comes 

from animal studies. Dietary manipulation in pregnant animals suggests that levels of growth-

regulating hormones respond to maternal nutrient intake. Protein- and energy-restricted diets 

consistently result in reduced fetal levels of IGF system components. (47,48) Studies of 

overfeeding have shown inconsistent results. A mouse model of offspring response to a maternal 

high-protein diet showed reduced body and liver mass and down-regulation of gene expression in 

the GH/JAK/STAT/IGF signaling pathway, including Igfbp3, though Igf2 was not affected. (49) 

In rats, offspring of mothers fed a high-protein diet had similar birth weight but reduced weight 

gain after weaning compared to offspring of mothers fed a normal amount of protein. (50) When 

pregnant sows were fed a high-protein, low-carbohydrate diet, fetal mass was reduced in late 

pregnancy. (51) In cows, a high-protein maternal diet was associated with higher IGF-I levels in 

the calf at birth, but no change in IGF-II levels. (52) 
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Few studies in humans have examined associations of maternal nutritional status during 

pregnancy with fetal hormone levels. One study demonstrated a direct association between the 

mother’s protein intake in late pregnancy and split proinsulin, insulin, and C-peptide levels in 

cord blood after accounting for energy intake in early pregnancy. (53) In previous work in Project 

Viva, maternal protein intake was inversely associated with cord blood levels of the adipokines 

leptin and adiponectin. (54) Also in Project Viva, we demonstrated sex-specific associations of 

maternal glycemia during pregnancy, an indicator of fetal glucose supply, with cord blood 

hormone levels. Among boys, infants born to mothers with gestational diabetes mellitus (GDM) 

had higher cord blood levels of IGF-II, IGFBP-3, insulin, c-peptide and leptin but lower levels of 

IGF-I than those with normoglycemic mothers. (55) Girls born to GDM mothers had higher cord 

blood levels of IGF-I compared to girls with normoglycemic mothers. Finally, in a randomized 

controlled trial of maternal micronutrient supplementation, cord IGF-I and leptin concentrations 

were higher in boys born to mothers who received the supplement. (56) These studies provide 

some evidence that fetal hormones, reflected in cord blood, respond to the mother’s diet or 

intrauterine nutrient availability, and that these associations may be modified by fetal sex. 

However, no epidemiologic studies have examined associations of the mother’s protein intake in 

pregnancy with cord blood levels of IGF-I or IGF-II.  

Maternal Diet during Pregnancy and Offspring Growth 

Fetal growth depends on an adequate supply of nutrients from the mother via the 

placenta, and alterations in maternal diet translate into effects on fetal growth. Fetal levels of 

growth-promoting hormones likely provide a pathway linking maternal diet to fetal growth. As 

discussed above, these hormones respond to maternal nutrition and also regulate growth. Animal 

studies demonstrate that prenatal protein restriction results in reduced birth weight. (57–59)  
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Maternal undernutrition resulting in poor fetal growth can also program adverse 

metabolic function in the fetus. The ‘thrifty phenotype’ hypothesis (60) proposes that fetal 

undernutrition causes the fetus to adapt to a low-nutrient environment. At birth, the offspring is 

programmed to survive in a suboptimal environment but may then have access to a normal or 

excessive food supply. In this scenario, the conservative metabolism programmed before birth is 

mismatched with the postnatal environment. In a rat model of maternal protein restriction during 

pregnancy and weaning, the offspring had reduced birth weight, developed impaired glucose 

tolerance, and in males, went on to develop diabetes. (61) In another study, female mice exposed 

to a low-protein diet during gestation and lactation and then fed a high-fat diet after weaning had 

increased abdominal adiposity and glucose intolerance. (58) In humans, a maternal low-protein 

diet has been associated with increased fetal adiposity, as well as with a “thin-fat” offspring 

phenotype characterized by low body weight but high proportion of adipose tissue. (62) 

In Western populations, protein intake during pregnancy may exceed recommended 

intakes considerably, but results of epidemiologic studies do not provide a clear picture of the 

effects of high maternal protein intake on fetal growth. Several studies found that higher intake 

was associated with greater offspring birth weight, (53,63–66) head circumference, (67) and 

placental weight. (53,64) However, in other studies there were no relationships between maternal 

protein intake and birth weight, (68,69) birth length, (68) head circumference, (68) or placental 

weight. (69)  Further, some observational studies and supplementation trials have shown that 

higher maternal protein intake is associated with lower birth weight (67,70–73) and ponderal 

index. (67) In the multi-ethnic Asian GUSTO cohort, higher maternal protein intake was 

associated with lower abdominal internal adipose tissue in the babies at birth, especially in males, 

but not with anthropometric assessments of adiposity. (74) 

Although linear growth seems to be especially sensitive to variations in protein intake 

during infancy, there have been few studies of maternal protein intake specifically examining 
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birth length as an outcome. One study conducted in 1943 in Boston, MA examined 216 mother-

infant pairs and found a direct dose-response correlation between maternal protein intake in the 

2nd and 3rd trimesters and infant birth length (r=0.80). The positive correlation remained strong 

(r=0.78) after accounting for the mother’s height. Protein intake was relatively low in this 

population compared to those more recently studied (53,63,64,67–71) with 68% of the mothers 

consuming <70g protein/d, whereas the current recommended intake for pregnant women in the 

U.S. is 71 g/d. When different sources of protein were examined, birth length was most strongly 

correlated with animal protein (r=0.68). (66) In the GUSTO cohort, which reported a moderate 

average protein intake among mothers, higher maternal protein intake was associated with lower 

infant birth length. (74) In a cohort of Australian women, there was a trend towards a negative 

association between protein intake in the third trimester and birth length. (67)  

 

2.4 Summary and Areas for Further Research 

After birth, infant protein intake is associated with IGF-I levels and markers of growth, 

yet it is not known whether these relationships are also present during gestation. Additionally, the 

associations of protein intake after the introduction of solid foods with IGF-I levels and linear 

growth and adiposity are not well-established and deserve further study. It is also important to 

examine IGF-I and IGF-II levels with and without adjustment for binding proteins to distinguish 

between associations with total and free IGFs. Finally, epidemiologic studies should carefully 

control for potential confounders of the relationships of maternal and child diet with growth-

regulating hormones and measures of growth.  

 The IGF axis differs between boys and girls: IGF-I and IGFBP-3 levels are significantly 

higher in girls at birth and through childhood, yet levels increase in boys beginning at puberty 

onset, resulting in higher levels observed in boys in late puberty. (1) Additionally, there is 
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increasing evidence that associations between nutrition and growth-regulating hormones may 

differ between boys and girls. In the CHOP trial, the IGF-axis response to a higher-protein 

formula seemed to be stronger in females, yet there was no interaction between sex and formula 

on growth. (37) Another intervention found that a higher-protein diet (whole milk vs. infant 

formula) between 9 and 12 months increased IGF-I levels in boys but not in girls. (38) Finally, 

data from a micronutrient supplementation trial (56) and an observational study in Project Viva 

(55) suggest that maternal nutritional status may have sex-specific effects on fetal hormone 

levels. Therefore, it is important to look for interactions between protein intake and sex when 

examining associations with IGF axis hormones. We attempted to fill some of these gaps in the 

literature through our three aims, which were addressed using the analyses presented in Chapters 

4-6. All analyses were controlled for a variety of well-measured potential confounders, and we 

examined interactions between protein intake and sex when looking at relationships between 

protein intake and growth-promoting hormones. We had large sample sizes available, and 

conducted all analyses within a single pre-birth cohort, Project Viva. 
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Chapter 3: Methods 

 

3.1. Study Population 

 

Project Viva – A Study of Health for the Next Generation 

Project Viva began in 1999 with the objective of establishing a cohort of mother-

infant pairs to examine associations of pre- and perinatal factors, especially diet, with 

maternal and child health outcomes. The initial grant funded follow-up through 6 months 

after delivery, and subsequent grants have supported ongoing data collection into 

adolescence. Project Viva has primarily received funding from the National Institute of 

Child Health and Human Development (NICHD), with additional funding from other 

National Institutes of Health (NIH) Institutes supporting ancillary studies as well as core 

operations.  Project Viva completed the Early Teen visit in the summer of 2016. The 

study has been awarded an additional 5 years of funding from NICHD as well as an 

award from NIH’s Environmental influences on Child Health Outcomes (ECHO) 

program, both of which will support an in-person visit in mid-late adolescence. 

Recruitment and Follow-Up 

Project Viva Research Assistants (RAs) recruited pregnant women in 1999-2002 

during their initial obstetric appointment at one of eight offices of a multispecialty group 

practice in eastern Massachusetts. Women were eligible for enrollment if they had a 

singleton pregnancy and were less than 22 weeks pregnant, planning to receive their 

prenatal care at one of the selected practices and to deliver their baby at one of two 

Boston hospitals, Brigham and Women’s Hospital or Beth Israel Deaconess Medical 
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Center, and able to answer questionnaires in English. Exclusion criteria included plans to 

move out of the study area before the initial planned follow-up period (6 months after 

delivery), multiple gestation, and plans to terminate the pregnancy. Eligible women who 

agreed to participate and provided written informed consent then completed the first 

study visit immediately following their clinical appointment. A second prenatal research 

visit was conducted during the second trimester (median 27.9 weeks gestation). RAs 

approached 4,102 women for participation, 2,670 were recruited, and 2,128 had a live 

birth and were enrolled in the original cohort. 

Mothers had the opportunity to enroll their children in the study after birth. 

Project Viva completed in-person visits with 1,124 mother-child pairs in infancy, 1,294 

pairs in early childhood, 1,116 pairs in mid-childhood, and 1,038 pairs in adolescence. 

Many additional participants completed questionnaire-only visits at each time point. 

Appendix I provides a participant flow for both the full cohort and the subsets included 

in each aim presented in this dissertation. 

 

3.2. Data Collection and Cleaning 

Overview of Project Viva Data Collection 

 Project Viva RAs undergo extensive training in data collection methods before 

each visit. RAs generally conduct visits in pairs, and a certified phlebotomist collects a 

blood sample from participants who agree to provide one. At the beginning of each visit, 

RAs obtain informed consent from the mothers for both their own and, commencing after 

delivery, their child’s participation. Children provided verbal assent for participation 
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beginning in mid-childhood. Participants may opt out of any visit components, including 

the DXA scan and blood draw, resulting in variable sample sizes for each component. 

Participants are encouraged to complete their visit in the Project Viva office in Boston, 

MA, but if they are not willing or able to do this, RAs will come to their home or another 

convenient location. Blood draws are often conducted in the participants’ homes 

separately from the remainder of the visit in order to obtain a fasting sample. Project Viva 

RAs have traveled throughout the USA and occasionally internationally to conduct visits 

with participants no longer residing in the Boston area. Project Viva mothers and, later, 

their children completed annual questionnaires via mail between in-person visits. 

Institutional Review Boards of participating institutions approved the study protocols and 

consent forms. 

Table 3.1 lists the data elements included in this project along with the time 

points at which they were collected and variables derived from each measurement or data 

collection instrument.  
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Table 3.1. Data elements, source and derived variables 

Data 

Elements 

Time Points/ 

Data Source 
Derived Variables 

Exposures 

Maternal 1st 

trimester diet 

Early pregnancy 

(enrollment) visit 

Maternal 1st-trimester total protein intake 

Maternal 1st-trimester animal protein intake 

Maternal 1st-trimester vegetable protein intake 

Maternal 2nd  

trimester diet 

Mid-pregnancy 

visit 

Maternal 2nd-trimester total protein intake 

Maternal 2nd-trimester animal protein intake 

Maternal 2nd-trimester vegetable protein intake 

Maternal 2nd-trimester milk intake 

Maternal 2nd-trimester dairy intake 

Child diet in early 

childhood 

Early childhood 

visit 
Child total protein intake in early childhood 

Outcomes 

Cord blood 

collection 
Delivery 

IGF-I levels in cord blood 

IGF-II levels in cord blood 

IGFBP-3 levels in cord blood 

Insulin levels in cord blood 

Newborn 

anthropometry at 

delivery 

Delivery visit, 

hospital records 

Birth length 

Birth weight 

Infant 

anthropometry in 

infancy 

Infant visit Infant length 

Child 

anthropometry in 

early childhood 

Early childhood 

visit 
Early childhood height 

Child 

anthropometry in 

mid-childhood 

Mid-childhood 

visit 

Child BMI z-score in mid-childhood 

Child sum of subscapular and triceps skinfolds in 

mid-childhood 

Child height in mid-childhood 

Child height z-score in mid-childhood 

Mid-childhood 

DXA scan 

Mid-childhood 

visit 
DXA total fat mass in mid-childhood 

Mid-childhood 

blood draw 

Mid-childhood 

visit 
Plasma IGF-I levels in mid-childhood 

Clinical length/ 

height 

measurements 

All clinical visits 
Rate of linear growth from birth through mid-

childhood 
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Data 

Elements 

Time Points/ 

Data Source 
Derived Variables 

Covariates 

Maternal/family 

socio-

demographics 

Early and mid-

pregnancy visits 

Household income at enrollment, maternal 

education level, maternal age at enrollment, 

maternal race/ethnicity 

 

Maternal and 

paternal 

characteristics 

and behaviors 

Early and mid-

pregnancy visits 

Maternal height, paternal height, maternal pre-

pregnancy BMI, paternal BMI, maternal 

smoking history 

Maternal prenatal 

weights 

Clinical visits 

throughout 

pregnancy 

Gestational weight gain (total and trimester-

specific) 

Parity Medical records Parity 

Child sex 
Delivery visit, 

hospital records 
Child sex 

Gestational age 
Delivery - 

hospital records 
Gestational age at delivery 

Infant feeding Infant visit Breastfeeding status at 6 months 

Child race/ 

ethnicity 

Early childhood 

visit 
Child race/ethnicity 

Behaviors in mid-

childhood 

Mid-childhood 

visit 

Child total weekly screen time and physical 

activity, frequency of fast-food consumption in 

mid-childhood 

 

Exposure Data: Dietary Assessment using FFQs and Specific Applications in Project 

Viva 

Project Viva measured participants’ dietary intake using food frequency 

questionnaires (FFQs). FFQs ask participants to retrospectively report on the frequency 

of consumption of a variety of foods during a specified time period and are intended to 

comprehensively assess an individual’s long-term intake of foods and nutrients. FFQs are 

useful for assessing diet in large cohort studies because they are self-administered and 
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readily analyzed. They provide a reasonable assessment of usual long-term intake, are 

inexpensive to administer, and are not excessively burdensome to participants or study 

staff. They also have the advantage of utilizing retrospective reporting, which reduces 

bias that can result when the act of reporting on diet influences eating behaviors. (1,2) 

They are well-suited to literate study populations such as Project Viva’s.  

Project Viva mothers completed self-administered FFQs for their own diet at the 

enrollment and mid-pregnancy visits. The reference time period for the enrollment FFQ 

was the time since the last menstrual period (LMP), and this FFQ was used to assess diet 

in the 1st trimester. The reference period for the 2nd FFQ, administered at 26-28 weeks 

gestation, was the past three months (roughly corresponding to the 2nd trimester). The 

166-item FFQ used in Project Viva was based on one that had been extensively validated 

in adult populations for use in cohort studies, including the Nurses’ Health Study. (3) 

However, validity established in non-pregnant populations may not apply to pregnant 

women due to physiological changes related to pregnancy, such as nutrient transfer to the 

fetus and modified metabolism of nutrients, (4) as well as nausea and vomiting 

commonly experienced during pregnancy. Therefore, the FFQ was calibrated in 204 

African American and Caucasian pregnant women. The calibration study examined 

correlations of FFQ-derived estimated of intake of 8 nutrients, including carotenoids, γ-

tocopherol, and long-chain n-3 fatty acids, with plasma and erythrocyte concentrations of 

the same nutrients. Results indicated that FFQ estimates of most of the examined 

nutrients were associated with biomarker measurements. The use of biomarker 

measurements to calibrate an FFQ is appropriate because, although both methods are 
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subject to some measurement error, the sources of error are different and unlikely to be 

correlated. (5)  

Mothers also provided information on their child’s diet in early childhood (~3 

years) using a semi-quantitative FFQ based on the Children’s Harvard Service Food 

Frequency Questionnaire (Children’s HFFQ), which is an adaptation of the FFQ used to 

assess the mother’s diet during pregnancy in Project Viva. The Children’s HFFQ was 

validated for use in preschool-age children in a sample of Native American and 

Caucasian children using a series of three 24-hour dietary recalls completed during the 4 

weeks between a first and second administration of the HFFQ. The results of this study 

indicated that the HFFQ performs similarly to the self-administered adult version when 

completed by a child’s parent or guardian and used to assess the child’s dietary intake. (6) 

The time period for the child FFQ was the past month, and the FFQ was intended to 

assess the child’s usual diet around the time of the visit.  

Project Viva used semi-quantitative FFQs, which include portion sizes as part of 

each food item (e.g. 8oz glass of skim milk). Macro- and micronutrient intakes were 

calculated using the Harvard nutrient composition database, which includes food 

composition values from the US Department of Agriculture and is supplemented by other 

sources. (7) Intake of a specific nutrient was determined by multiplying a weight assigned 

to the reported frequency of intake of each food containing that nutrient by the nutrient 

content for the specified portion size. Intake of specific foods or food groups was 

generally assessed in categories. We analyzed second-trimester daily intake of milk and 

dairy products in relation to cord blood hormone levels. The pregnancy FFQ assessed 

intake of skim, 1 or 2%, and whole milk using 8 categories ranging from never/< 
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once/month to 4+ glasses/day. We coded milk intake into an 8-category variable 

indicating servings/day of each type of milk, with the value for each category set to the 

average within each FFQ category (e.g. 2-4 glasses/week coded as 3 glasses/week or 0.43 

glasses/day). Since we were interested specifically in protein rather than other 

components of milk, and the various types of milk have similar protein content, (8) we 

added the values for the 3 types of milk (skim, 1 or 2% and whole) to create a single 

variable for number of milk servings/day. Intakes of other dairy products (e.g. cheese, 

yogurt) were assessed and averaged in a similar manner to determine servings/d, and we 

then summed the number of daily servings of each type of dairy product including milk 

to calculate the total number of daily servings of all dairy products. 

Outcome Data 

Newborn, Infant and Child Anthropometry and DXA 

RAs conducted post-delivery visits (N=1,205) with mother-infant pairs at the two 

primary delivery hospitals during business hours Monday-Friday. We did not take any 

research measurements on babies who were not available during this time frame 

(including those who were in the neonatal intensive care unit). Subsequent follow-up 

visits were conducted in a study visit room or in another convenient location, generally 

the participant’s home. Trained RAs measured recumbent length at the post-delivery and 

infancy visits and standing height in early and mid-childhood using a stadiometer (Shorr 

Board®, Weight and Measure LLC, Olney MD). We also obtained clinical data on child 

length/height throughout the follow-up period from medical records for all participants 

who provided consent to access their medical records and whose pediatrician responded 
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to our request. Both research and clinical length/height measurements have a 

corresponding date of measurement, which we used to calculate the child’s exact age in 

months at each measurement.  

Project Viva previously conducted a study comparing clinical measurements of 

length in children under 2 years using the conventional paper-and-pencil method to 

research measurements taken by Project Viva RAs using a recumbent length board. In the 

sample of 160 children, the two measures of length were strongly correlated (r=0.98), but 

there was systematic overestimation of length by clinicians using the paper-and-pencil 

method. A regression equation was used to model the relationship and indicated that the 

research length board measurement was 95.3% of the clinical measurement plus 1.88cm. 

Therefore, in our analyses combining length data from the two sources, we applied a 

regression correction factor ((clinical length in cm×0.953) + 1.88 cm) to adjust for the 

clinical overestimation of length. (9)   

We obtained data on birth weight for the entire cohort from hospital medical 

records and calculated sex-specific birth weight and length z-scores by gestational age 

using international reference data from the INTERGROWTH-21st Project (35). The use 

of z-scores for birth weight and length removes the contribution of gestational age. This 

isolates the contribution of fetal growth, our outcome of interest, to birth weight and 

length.  

At the mid-childhood visit, we collected data on child height, weight, and several 

measures of adiposity. Trained RAs measured standing height to the nearest 0.1cm using 

a stadiometer (Shorr Board®, Weight and Measure LLC, Olney MD). We obtained 

weight to the nearest 0.1 kg and bipolar electrical impedance using a Tanita scale (model 
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TBF-300A, Tanita Corporation of America, Inc., Arlington Heights, IL) and calculated 

BMI as weight in kg/height in m2. We calculated age- and sex-specific z-scores for BMI 

and height using US national reference data. (23) RAs measured subscapular (SS) and 

triceps (TR) skinfold thicknesses to the nearest 0.1cm using Holtain calipers (Holtain 

Ltd., Crosswell, Wales), and we calculated the sum of the two skinfolds (SS+TR) as a 

measure of overall adiposity. Finally, RAs performed whole body dual X-ray 

absorptiometry (DXA) scans (Hologic model Discovery A, Hologic, Bedford, MA) from 

which we obtained measures of total fat mass in kg. 

Biospecimen Sample Collection and Hormone Assays 

 

Approximately three-quarters of Project Viva mothers delivered at one of the two 

study hospitals, where the midwife or obstetrician collected cord blood from the 

umbilical vein via syringe and needle from about two-thirds of the births, resulting in 

cord blood samples on approximately half of the cohort. Participants were given Project 

Viva socks to wear during delivery to help remind the clinician to collect the cord blood, 

and the participants’ medical charts were flagged with reminders. The cord blood was 

transported to the Channing laboratory at Brigham and Women’s Hospital within 12 

hours of collection and spun, aliquoted and stored for future analysis. At the mid-

childhood visit, Project Viva phlebotomists collected fasting samples from child 

participants. The samples were transported to the Channing laboratory and processed 

within 24 hours and then stored for future use.  

IGF-I, IGF-II, IGFBP-3 and insulin assays were performed on aliquots of purple 

top EDTA plasma obtained from cord (IGF-I, IGF-II and IGFBP-3) and mid-childhood 
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(IGF-I) blood samples. Both IGF-I and IGFBP-3 were measured by ELISA, using a 

Colorimetric Sandwich ELISA from R&D Systems (Minneapolis, MN). For IGF-I, each 

sample was treated with an acid buffer to release IGF-I from its binding proteins and then 

incubated along with standards and controls with a microtiter plate coated with 

immobilized monoclonal antibodies specific for IGF-I. The plate was then washed to 

remove unbound compounds and an enzyme-linked detection antibody added to 

“sandwich” the bound IGF-I. Finally, an enzyme substrate was added to the sample, 

resulting in color proportional to the amount if IGF-I present. The absorbance of the color 

was measured to quantify the amount of IGF-I in the sample. Day-to-day variabilities of 

the IGF-I assay at concentrations of 0.038, 0.967 and 1.941 ng/mL are 8.1, 8.3 and 7.5%, 

respectively.  The same procedure was used for IGFBP-3 with the exception of the first 

step used to remove binding proteins from IGF-I. (10) (Gary Bradwin, personal 

correspondence).  Cord blood IGF-II assays were performed using an ELISA from Alpco 

Diagnostics (Salem, NH). These assays also used a Sandwich ELISA, with a process 

similar to that used for detection of IGF-I and IGFBP-3. IGF-II is first dissociated from 

its binding proteins using an acidic buffer, which neutralizes the IGFBPs. The IGF-II 

antibody does not cross-react with IGF-I, allowing measurement of free IGF-II without 

interference of IGF-I. Day-to-day variabilities of the IGF-II assay at various 

concentrations are less than 10%. (11) (Gary Bradwin, personal correspondence).  

We assayed cord blood insulin levels using a competitive electro-

chemiluminescence (ECL) immunoassay from Roche Diagnostics (Indianapolis, IN). In 

this assay, the sample is incubated with two specific antibodies which form a “sandwich” 

complex with the insulin. Coated microbeads are then added to the solution, and the 
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resulting immunoassay complex is aspirated into a measuring cell. A magnet causes the 

microbeads bound to the complex to attach to the surface of the measuring cell, and a 

solution is added to separate out free unbound particles and add TPA. Voltage is applied 

to trigger the ECL reaction, and light is emitted in proportion to the amount of insulin in 

the sample. A photomultiplier quantifies the insulin concentration based on the detected 

signal. (12) Day-to-day variability for the assay was below 10%.   

The assay laboratory repeated assays on any samples with initial values that 

appeared to be outliers to confirm the validity of measurements. We used values from 

samples with slight or moderate hemolysis in our analysis but did not include results from 

grossly hemolyzed samples. 

Covariate Data 

Mothers completed questionnaires and interviews at the 1st and 2nd prenatal visits. 

We obtained data through self-report on maternal age, education level, race/ethnicity, 

parity, height, pre-pregnancy weight and smoking, household income, and height and 

weight of the baby’s biological father. We calculated maternal and paternal BMI from 

these reports of height and weight. We obtained child sex from delivery records and an 

interview conducted at the delivery visit.  

We extracted serial prenatal weights from medical records and gestational weight 

gain (GWG) to 26 weeks (182 days) of gestation. We calculated GWG up to 91 days 

gestation (1st trimester GWG) and from 91-182 days gestation (2nd trimester GWG), (28). 

Total GWG was calculated by subtracting self-reported pre-pregnancy weight from the 

last clinical weight measured within four weeks before delivery. The child’s gestational 

age at delivery was derived from the delivery date and date of LMP, either reported by 
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the mother or from a 2nd-trimester ultrasound if the dating differed from the LMP by 

more than 10 days. We calculated sex-specific birth weight for gestational age z-scores 

using US national reference data, (23) and used this variable as a covariate in Aim 3.  

Mothers self-reported breastfeeding status when the child was six months old and 

were categorized as: breastfeeding only (feeding their baby breast milk and no infant 

formula), formula only (had never fed their baby breast milk), mixed (had fed their baby 

breast milk and were also feeding infant formula at six months), or weaned (had fed their 

baby at least some breast milk but stopped by six months). We asked mothers to indicate 

the category that best described their child’s race/ethnicity during the early childhood 

interview. At the mid-childhood visit, mothers reported their child’s screen time, physical 

activity, and frequency of fast-food consumption via questionnaire. 

All data collection instruments used in Project Viva are publicly available at 

https://www.hms.harvard.edu/viva/.  

 

3.3. Data Analysis 

Multiple Imputation for Missing Data 

As is common in longitudinal studies, the Project Viva dataset contains missing 

information resulting from loss to follow-up, participants’ refusal or inability to complete 

all visits or all components at a particular visit, and other circumstances that prevented 

full data collection (e.g. a baby was born on a weekend and RAs only performed delivery 

visits Monday-Friday). However, there is substantial data on both exposures and 

outcomes for many participants, and we wanted to make us of all available data to 

https://www.hms.harvard.edu/viva/
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maximize the power of our analyses. In addition, complete-case analyses in 

epidemiologic research can be biased if data are missing at random (systematic 

differences between missing and observed values can be explained by differences in 

observed data). (13) Therefore, we used multiple imputation (MI) to deal with missing 

data. MI is a strategy that replaces missing values with a predetermined number of 

imputed values intended to represent a plausible random sample of the missing values. 

The dataset can then be analyzed using standard statistical procedures combined with 

procedures designed to combine the results from multiply imputed datasets, resulting in 

valid statistical inferences that reflect the uncertainty inherent in a dataset containing 

missing values. (13,14)  The multiple imputation procedure involves three steps: 

1.  The first step is creating the dataset, which will include all variables needed for 

the analysis. Missing data are filled in n times to create a dataset with n imputations for 

each observation, using a Bayesian approach in which imputed values are based on their 

predictive distribution and reflect uncertainly inherent in predicting the missing values. 

(13) All variables with existing data before the imputation contain their true values for 

each imputation. Variables with missing data contain a set of plausible values. A new 

variable is also created to indicate the imputation number. We used PROC MI in SAS v. 

9.3, which assumes that all data are missing at random. (14) We generated 50 imputations 

because no more than 50% of the values are missing for any covariate, and the rule of 

thumb that the number of imputations should be ≥ the percentage of incomplete cases  

(15). We used all 2,128 observations in the Project Viva cohort for the MI procedure.  

Once the MI dataset was created for each analysis, we determined eligibility for 

the analyses and created analytic datasets. For the first aim examining maternal protein 
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intake and offspring linear growth, we included 1,961 mother-child pairs with data 

available from at least one of the postnatal in-person visits. We used imputed values for 

missing data if the participant was eligible to have the measurement taken – for example, 

we used imputed values for birth length if the baby was visited by an RA and had at least 

one measurement taken at delivery but did not have his/her birth length measured. If the 

baby did not have any measurements taken at delivery (for example, because he/she was 

born on a weekend when RAs did not conduct delivery visits), we considered him/her to 

be ineligible for a birth length measurement and did not include the baby in our analyses 

of birth length. We did not limit our dataset based on data on maternal protein intake, as 

all 2,128 mothers of live born infants attended at least one visit during pregnancy and 

thus were eligible to complete an FFQ in either the first or second trimester. For the 

second aim focused on maternal protein and cord blood hormones, we limited our dataset 

to 938 mother-child pairs who had their cord blood hormone levels measured (i.e. no data 

on hormone levels were imputed) and were eligible to have second-trimester dietary data 

(the mother completed any part of the second-trimester visit). For the third aim 

examining early childhood diet and mid-childhood outcomes, we included 1,058 child 

participants who completed any part of the early childhood visit and any in-person 

component of the mid-childhood visit or the mid-childhood blood draw. Participants who 

completed at least one part of the mid-childhood visit (N=1,054) were included in 

analyses of mid-childhood adiposity and height, and we imputed any missing data on 

early childhood diet or mid-childhood outcomes. Participants who completed the mid-

childhood blood draw (N=659) were included in analyses of mid-childhood IGF-I levels, 

and data on early childhood diet or mid-childhood IGF-I were imputed if missing. For all 
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analyses, if the participant was included based on their exposure or outcome data 

(measured or imputed), we also used imputed information on covariates. See Table 3.2 

for the original and imputed sample sizes for each analysis. 

2. Next, we analyzed the MI dataset containing 50 imputations using standard 

procedures. For example, we used SAS PROC REG to run multivariable linear regression 

models predicting outcomes from the exposures and covariates. When using MI datasets, 

the regression models must be analyzed by imputation. The resulting parameters are 

output to a dataset that can then be analyzed using procedures designed to combine 

results from multiply imputed datasets and generated valid statistical inferences.  

3. We used PROC MIANALYZE to combine results from the analyses conducted 

using standard statistical procedures, such as regression modeling. The standard errors of 

the estimates are calculated according to Rubin’s rules, (16) which account for the 

uncertainty inherent in analyzing imputed results for missing data by averaging over the 

distribution of the missing data, which is based on observed data. (13) MIANALYZE 

generates the required estimates from the standard statistical procedures, such as β 

coefficients, 95% CIs, and p-values for all independent variables in a multivariable 

regression model.   
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Table 3.2: Sample sizes for exposure and outcome combinations in native and imputed 

datasets 

Aim Exposure 

 

N Outcome  

 

N Total N 

Included 

in 

Analysis 

  Native 

Dataset 

After 

MI 

 Native 

Dataset 

After 

MI 

 

1 Maternal 

diet in 1st 

or 2nd 

trimester 

2128 2,128 Birth length z-

score 

1057 1,205 1961 

Birth weight z-

score 

1961 1961 

Infant length 1172 1697 

Early childhood 

height 

1267 1294 

Mid-childhood 

height  

1116 1116 

Growth 

trajectory from 

birth to mid-

childhood 

1537 * 

2 Maternal 

diet in 2nd 

trimester 

1666 2027 Cord blood 

hormone levels 

938 938 938 

3 Child diet 

in early 

childhood 

1244 1453 Mid-childhood 

anthropometry/ 

bioimpedence  

927 1054 1058 

Mid-childhood 

DXA scan 

733 1054 

Mid-childhood 

IGF-I 

534 659 

*Length and height data were not imputed for the analysis of linear growth trajectories. 

 

Statistical Methods Used to Address Limitations of FFQs 

As FFQs have some important limitations, we took steps to address and mitigate 

the effects of these limitations our analyses. First, they are associated with some degree 

of measurement error due to random within- and between-person error, as well as bias 

resulting from tendencies towards under- and over- reporting of foods. Random 
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measurement error can lead to an attenuation of the effect estimates when examining 

associations of dietary intake assessed by FFQ with disease risk or other outcomes. This 

error can be addressed indirectly using large sample sizes, as we have done in the present 

study, to decrease the standard error of our estimated parameter, resulting in an increased 

statistical power in spite of the attenuated effect. (17) Non-differential over- and under 

reporting of foods can be addressed through adjustment of individual nutrient intakes for 

total energy intake. This is generally considered essential in epidemiological studies of 

nutritional exposures. This adjustment also helps to control for confounding when total 

energy intake is a predictor of the outcome under study, as it is also associated with 

intake of most nutrients and certainly that of macronutrients. In addition, if total energy 

intake is not related to the outcome, there will still be extraneous variation in nutrient 

intake as a result of determinants of total energy intake, including physical activity, body 

size, and efficiency of metabolism. Adjustment for total energy intake helps to control for 

the impact of individual variability in response to nutrient intake due to metabolic 

requirements. Finally, controlling an epidemiologic study of an individual nutrient for 

total energy intake better approximates an intervention study in which energy intake is 

maintained for each individual but the composition of the diet is altered. (18) Data from 

the Observing Protein and Energy Nutrition (OPEN) Study indicate substantial 

attenuation of estimated disease relative risks when FFQ-based estimates of absolute 

protein intake are used, but that adjustment of protein for total energy intake reduces the 

attenuation. (17) A study comparing the validity of three different FFQs found that 

adjustment for energy intake is particularly important when using the Harvard FFQ, on 

which the FFQ used in Project Viva was based. (19) In the validation study comparing 
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the Children’s HFFQ to three 24-hour recalls, the Pearson correlation coefficient for 

energy-adjusted protein intakes assessed using the two methods was 0.43. (6) 

There are several commonly used methods of adjusting models with a specific 

nutrient as the primary exposure of interest for total energy intake: 1) the standard 

multivariate model; 2) the nutrient residual model; 3) the nutrient density model; and 4) 

the energy-partition model. (18) In Project Viva, we adjust nutrient intake estimates for 

total energy intake using the residual method, which both controls for confounding and 

removes extraneous variation resulting from total energy intake by creating a measure of 

nutrient intake that is uncorrelated with total energy intake. This approach involves 

regression of the nutrient of interest, for example protein, on total energy intake. The 

residual for each individual represents the difference between her actual intake and that 

predicted by the total energy intake. We then added the mean protein intake in the cohort 

(which functions as a constant in this context) to each residual to normalize the intake 

estimates back to the average intake in the Project Viva study population. When these 

residuals are used in regression models as an indicator of each individual’s protein intake, 

the regression coefficients may be interpreted as changes in the outcome associated with 

variation in protein intake resulting from composition of the diet. This approach also 

overcomes two common problems that may occur when energy intake is adjusted for by 

simply including it as another term in the model (standard multivariate model). First, 

including two terms with correlated errors in the same model can create bias. (20) It can 

also lead to misinterpretation of the energy coefficient and inflation of standard errors 

due to multicollinearity. (21)  
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Because of the limitations of statistical methods to fully account for measurement 

error, FFQs cannot provide a valid assessment of an individual’s absolute nutrient 

intakes. However, they are useful for ranking individuals in relation to others for 

purposes of comparison and assessment of exposure-outcome relationships, which was 

how they were used in our analyses. In the first two analyses, the relationship between 

maternal protein intake and the outcomes of interest appeared to be reasonably linear. 

When we examined energy-adjusted protein intake both as a continuous variable and a 

categorical variable (quartiles), the results using these two approaches were similar. We 

therefore used the exposure as continuous in our main analyses to maximize statistical 

power. We presented effect estimates as the change in the outcome corresponding to a 1-

SD change in protein intake. In the third manuscript, the relationship between child 

protein intake in early childhood and the outcomes under study did not appear to be linear 

based on scatterplots and analyses of quartiles and deciles of protein intake, and therefore 

we kept protein intake categorized in quartiles in our analyses.  

Certain individual characteristics including sex and BMI are commonly 

associated with systematic dietary measurement error (under- or over-reporting) 

(17,22,23) In the first two analyses we studied the maternal diet during pregnancy, which 

restricts the study population to women only and therefore eliminates any effect of sex 

bias in reporting of intake. We also attempted to moderate bias introduced by systematic 

error in reporting based on weight status. In Aims 1 and 2, we calculated protein 

intake/kg of pre-pregnancy body weight, which resulted in a measure of protein intake 

that aligned with the weight-based recommendations and also helped to reduce 

interference by the mother’s weight status. We also adjusted these models for gestational 
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weight gain. In Aim 3, we adjusted child protein intake for concurrent weight using 

residuals. Again, we wanted to align the exposure with weight-based recommendations 

for protein intake and also account for systematic bias by weight status in reporting of 

intake. However, we thought that it was important to avoid the ratio measure used in the 

analyses of maternal diet due to correlations between the outcomes and child weight at 

the time of exposure assessment. Although we did calculate estimates of absolute 

individual intake and compare these to recommendations for protein intake, we recognize 

that these estimates may not reflect true absolute intake.  

General Approach to Building Models 

We primarily examined our research questions using multivariable linear 

regression models. We used the same general approach to model building and 

interpreting results for all analyses. The first step was to examine univariate statistics 

(e.g. means, medians, SDs) and distributions for our exposure and outcome variables. 

Distributions of protein intakes (both energy- and weight-adjusted) were approximately 

normally distributed, as were distributions of IGF-I, IGF-II and IGFBP-3. The 

distribution of insulin was somewhat right-skewed, but we decided to leave insulin in its 

native units for consistency with the other outcomes and to facilitate interpretation of the 

results. We then examined bivariate associations, including correlations between 

continuous variables and differences in means of continuous variables across categories 

of nominal and ordinal variables. These bivariate analyses allowed us to preliminarily 

assess relationships between exposure and outcome variables, including linearity of the 

relationship, and also informed later model building by revealing associations of potential 

confounders with exposures and outcomes. Finally, this step helped to confirm the 
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plausibility of our data by demonstrating that characteristics varied as expected; for 

example, that female infants had lower birth weights and higher cord blood IGF levels 

than males. 

We built multivariable regression models in steps, beginning with unadjusted or 

minimally adjusted (age, sex) models and adding covariates or natural groupings of 

covariates, such as indicators of SES. We examined the impact of each addition of 

covariates on the β coefficient for the preceding model, and used this information in 

conjunction with prior knowledge of relationships among the included variables to 

determine whether to retain the additional variables in the final model. We present the 

results of several models for each analysis to provide comprehensive information about 

the impact of various factors in the relationship under study. For example, in our analysis 

of the associations of maternal protein intake with cord blood hormone levels (Aim 2), 

we present the results of unadjusted models as well as models adjusted for: 1) maternal 

race/ethnicity, parity, and height, and child sex; 2) variables in model 1 + maternal 

education, smoking history, and GWG through 2nd trimester as well as household 

income at enrollment; and finally, 3) variables in model 2 + IGFBP-3, which gave an 

indication of the relationship of all variables in model 2 with free (unbound) IGF-I or 

IGF-II. 

We generally do not present p-values and instead rely on the 95% confidence 

intervals around the effect estimates to provide an indication of associations. As outlined 

in the recently released ASA Statement on Statistical Significance and P-values, there are 

many reasons why the p-value is misleading and often misinterpreted. (24) We believe 

that CIs provide a better indication of the magnitude and potential clinical or population 
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significance of a result. Confidence intervals provide several advantages over p-values 

and allow more informative presentation of research results, including the ability to 

extrapolate study findings to population effects and evaluate clinical significance and 

public health implications in addition to statistical significance (25,26)  

In Aim 2, we were interested in examining effect modification by child sex and 

parity. We began by stratifying the sample on sex, and separately on parity (nulliparous 

vs. multiparous), and running the final multivariable models (excluding the stratification 

variable) determined using the full sample. The associations appeared to differ between 

strata, for example, associations of maternal protein intake with IGF-II were stronger in 

female babies and babies born to multiparous women. We then ran the regression models 

on the full sample with protein x sex and protein x parity interaction terms. We concluded 

that there was a statistically significant interaction if the p-value for the interaction term 

was <0.05 and presented the stratified results in figures (see Chapter 5, Figures 5.1 and 

5.2). 

Modeling Growth Trajectories from Birth through Mid-Childhood 

In our first aim looking at maternal protein intake and child linear growth, we 

wanted to model trajectories of linear growth from birth to mid-childhood in relation to 

maternal protein intake during pregnancy. To maximize the amount of included data and 

obtain the best estimates of individual growth trajectories during this time period, we 

included both length/height measurements obtained at in-person visits by Project Viva 

RAs as well as measurements from clinical visits obtained from the child’s medical 

record. No imputed data on length/height were used in this analysis.  
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We used a two-step approach to modeling growth trajectories. First, we used 

mixed models with an unstructured correlation structure to determine rate of growth over 

time for each individual by predicting height as a function of age. Each individual’s rate 

of growth in cm/month was estimated with their predicted random effect or “empirical 

Bayes estimate”, if they had at least 2 length/height measurements. This approach 

allowed us to use the actual age at measurement in the model rather than a defined visit 

point because it does not require that measurements are taken at the same time point for 

each individual. It also allows for inclusion of observations with missing data. (27) We 

added the model fixed-effects estimate for age to the resulting estimate for each 

individual (β coefficient for age) to obtain a slope, or rate of growth over time, for each 

individual. In the second step, we included these slopes as outcomes in multivariable 

linear regression models as a function of maternal protein intake, with adjustment for 

covariates (including imputed data on the independent variables). Based on our 

knowledge that linear growth generally follows a different pattern in the first six months 

of life as well as analyses confirming that the slope of growth was steeper between birth 

and six months compared with after six months, we performed this 2-step approach for 

length measurements from birth up to just under six months only (ages 0-5.98 mo, mean 

age 2.1 mo, N=1,537) and then separately from six months to mid-childhood (ages 6 mo-

10.9 yr , mean age 3.0 yr, N=1,537).  
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Abstract 

Background: Observational and experimental evidence demonstrates that protein intake 

in infancy programs linear growth. Few studies have examined prenatal maternal protein 

intake.  

Objective: Our objective was to examine associations of maternal protein intake during 

pregnancy with offspring linear growth. 

Design: We analyzed data from 1,961 mother-child pairs in Project Viva. We assessed 1st 

and 2nd trimester diet using food-frequency questionnaires (FFQs) and analyzed protein 

intake as g/kg pre-pregnancy weight/d. We used research measures of offspring length at 

birth and in infancy (~6mo), early childhood (~3y), and mid-childhood (~7y) as well as 

clinical growth measures obtained from after birth through mid-childhood. We calculated 

sex-specific birth length z-scores for gestational age using international reference data. 

We used mixed models with the repeated length measures to predict individual length 

gain velocities for birth to <6mo and 6mo to 7y, then used these velocities as outcomes in 

adjusted linear regression models with maternal protein intake as the main predictor. 

Results: Mean (range) 2nd-trimester protein intake was 1.4 (0.3-3.1) g/kg/d. After 

adjusting for maternal socio-demographics, gestational weight gain, maternal and 

paternal height, and (for post-delivery outcomes), child sex, gestational age, and 

breastfeeding duration, each 1SD (0.36g/kg/d) increment in 2nd trimester protein intake 

corresponded to a -0.10 (95% CI: -0.18, -0.03) change in birth length z-score, a -

0.03cm/mo (95% CI: -0.05, -0.01) change in slope of length growth from birth to <6mo, 

and a -0.09cm/y (95% CI: -0.14, -0.05) change in slope of length growth from 6mo to 

mid-childhood. Results were similar for 1st trimester intake.  
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Conclusions: In a population with relatively high protein intake during pregnancy, higher 

protein intake was associated with shorter offspring birth length and slower linear growth 

into mid-childhood. Results suggest that higher protein intake during pregnancy does not 

increase fetal and child growth and may even reduce early length growth.  
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Introduction  

Nutritional exposures during the fetal period and infancy contribute to determining future 

growth patterns. Protein and dairy milk intake in particular appear to play major roles in 

programming growth patterns in infancy and childhood, likely via effects on levels of 

insulin-like growth factor-1 (IGF-I) (1, 2). Infants who are fed formula, which contains 

higher amounts of protein than breast milk, show higher IGF-I levels at three months and 

greater gains in body weight, length and adiposity between 3-12 months compared with 

breastfed infants (3). Interestingly, there is a reversal of this association in later 

childhood, when children breastfed as infants exhibit higher IGF-I levels and faster linear 

growth than those who were formula-fed (2, 4, 5). In a randomized controlled trial of 

healthy European infants, those receiving higher-protein formula had higher weight-for-

length z-scores, but similar length, at 24 months than infants receiving lower-protein 

formula or breast milk (6).  

 

Despite evidence that higher protein intake in infancy predicts more rapid early growth, 

studies of the effects of maternal protein intake during pregnancy on markers of fetal 

growth and development have been inconclusive. Animal studies of prenatal protein 

restriction indicate associated reductions in birth weight and persistent indicators of 

cardiometabolic disorder (7-9), and in human studies maternal low-protein diets are 

associated with a “thin-fat” offspring phenotype characterized by low body weight but 

high proportion of adipose tissue (10). Effects of high protein intake are less clear. Higher 

maternal protein intake was associated with greater birth weight (11-16), head 

circumference (17), and placental weight (13, 14) in some studies, but not others (18, 19). 
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Further, some observational studies and supplementation trials have shown lower birth 

weight (17, 20-23) and ponderal index (17) with higher maternal protein intakes.  

Although linear growth seems to be especially sensitive to variations in protein intake 

during infancy, few studies have specifically examined birth length as an outcome. One 

study of 216 mother-infant pairs conducted in 1943 in Boston, MA found a dose-response 

association between maternal protein intake in the 2nd and 3rd trimesters and infant birth 

length (r=0.8) (16), and in a study of pregnant Danish women, greater milk intake was 

associated with higher birth length (15). However, other studies of maternal milk (12) 

and protein (17) intakes did not show direct associations with birth length. Factors such 

as maternal BMI, gestational weight gain (GWG), parental height, and socio-

demographics may confound the association between maternal diet during pregnancy and 

birth outcomes and should be accounted for. Finally, studies of fetal programming must 

be able to determine whether effects persist into later life, and to our knowledge there 

have been no studies of maternal protein intake during pregnancy extending child growth 

outcomes beyond size at birth. 

 

Our aim was to examine associations of maternal protein intake in the 1st and 2nd 

trimesters of pregnancy with early growth in the offspring, focusing on linear growth. 

Based on the literature on protein intake in infancy and linear growth, we hypothesized 

that higher maternal protein intake during pregnancy would be associated with greater 

fetal growth, more rapid linear growth in infancy and early childhood, and reduced linear 

growth in mid-childhood. 
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Subjects and Methods 

Subjects 

We studied mother-child pairs enrolled in Project Viva, a prospective cohort study 

examining pre- and perinatal factors in relation to pregnancy and child health outcomes. 

Women were recruited during 1999-2002 at their initial obstetric (OB) appointment from 

eight offices of Atrius Health, a large multi-specialty group practice in eastern 

Massachusetts. Exclusion criteria included multiple gestation, inability to answer 

questions in English, gestational age greater than 22 weeks at the time of the initial OB 

appointment, and plans to move out of the local area before delivery. Women who agreed 

to participate (65% of those eligible) and provided informed consent completed the 1st 

study visit following their OB appointment. They ranged from 4.8 to 23.7 weeks 

gestation (mean 10.5 weeks) at this 1st visit. The 2nd study visit was completed at 26-28 

weeks for most women. Project Viva participants delivered at one of two hospitals in 

Boston, MA, and the 3rd study visit was completed at the hospital 1-3 days after delivery. 

Detailed recruitment and retention procedures have been described previously (24). 

 

The Project Viva cohort consists of the 2,128 women who delivered a live infant and 

their children. For this analysis, we included 1,961 mother-child pairs who completed any 

one of the four postnatal in-person visits: delivery, infancy (4.9-10.6 mo, median 6.3 mo), 

early childhood (2.8-6.3 y, median 3.2 y) or mid-childhood (6.6 to 10.9 y, median 7.7 y). 

Institutional Review Boards of participating institutions approved the study protocols, 

and participants provided written informed consent. 
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Measurements 

Exposure: Protein Intake 

We derived data on maternal protein intake (total and from plant and animal sources) 

from self-administered semi-quantitative Food Frequency Questionnaires (FFQs) that 

mothers completed during the 1st and 2nd study visits. The 166-item FFQ used in Project 

Viva was validated in other cohorts, including the Nurses’ Health Study (25) and 

modified for use in pregnancy (26). The reference time period for the 1st FFQ, 

administered at enrollment, was the time since the last menstrual period (LMP). The 

reference period for the 2nd FFQ, administered at 26-28 weeks gestation, was the past 

three months (roughly corresponding to the 2nd trimester). We calculated protein intakes 

with the Harvard nutrient composition database, which includes food composition values 

from the US Department of Agriculture and is supplemented by other sources, by 

multiplying a weight assigned to the reported frequency of intake of each protein-

containing food by the protein content for the specified portion size (27). To address 

potential measurement error often attributed to use of FFQs in assessing dietary intake, 

we adjusted individual nutrient estimates for total energy intake using the nutrient 

residual method (28, 29). Adjustment for total energy intake has been shown to reduce 

the impact of measurement error inherent in use of FFQs for protein intake specifically 

(30). 

 

The Estimated Average Requirement (EAR), or median nutrient requirement for a given 

life stage and gender group, may be used to assess the adequacy of an individual’s usual 

intake (31, 32). The EAR for protein intake in the 2nd half of pregnancy is 67 g/d. This is 
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based on an individual recommended intake of 0.88 g/kg/d, calculated using pre-

pregnancy weight. The EAR for the 1st half of pregnancy is 38 g/d or 0.66 g/kg/d, the 

same as that for non-pregnant women (33). Since protein recommendations for pregnancy 

are based on individual pre-pregnancy weight, we calculated 1st- and 2nd-trimester protein 

intakes per kg of pre-pregnancy body weight using energy-adjusted protein intakes and 

self-reported pre-pregnancy weights, which have been previously validated in this cohort 

(34). Further discussion of maternal protein intake will refer to this weight-adjusted 

variable. We ranked these values into quartiles separately for each trimester. 

 

Outcome: Newborn and Child Length/Height 

Research Assistants (RAs) visited mother-infant pairs after delivery at the two primary 

delivery hospitals. RAs conducted post-delivery visits (N=1,205) during business hours 

Monday-Friday. We did not take any research measurements on babies who were not 

available during this time frame (including those who were in the neonatal intensive care 

unit), and these babies were not included in the analyses of birth length or weight. We did 

include these children in the growth trajectory analysis if they completed the infancy, 

early childhood, or mid-childhood research visit. Subsequent follow-up visits were 

conducted in a study visit room or in another convenient location, generally the 

participant’s home. Trained RAs measured recumbent length at the post-delivery and 

infancy visits and standing height in early and mid-childhood using a stadiometer (Shorr 

Board®, Weight and Measure LLC, Olney MD). We also obtained clinical data on child 

length/height throughout the follow-up period from medical records for all participants 

who provided consent to access their medical records and whose pediatrician responded 
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to our request. Both research and clinical length/height measurements have a 

corresponding date of measurement, which we used to calculate the child’s exact age in 

months at each measurement. We obtained data on birth weight for the entire cohort from 

hospital medical records and calculated sex-specific birth weight and length z-scores by 

gestational age using international reference data from the INTERGROWTH-21st Project 

(35).  

 

The use of z-scores for birth weight and length removes the contribution of gestational 

age. This isolates the contribution of fetal growth, our outcome of interest, to birth weight 

and length. We performed analyses using raw birth weights and lengths as well as z-

scores as outcomes. Results were very similar, and we present only the z-score results.  

 

Covariates 

Mothers completed questionnaires and interviews at the 1st and 2nd prenatal visits. We 

obtained data through self-report on maternal age, education, race/ethnicity, parity, 

height, pre-pregnancy weight and smoking, household income, paternal height and 

weight, and child sex. GWG was calculated by subtracting self-reported pre-pregnancy 

weight from the last clinical weight measured within 4 weeks before delivery. The child’s 

gestational age at delivery was derived from the delivery date and date of LMP, either 

reported by the mother or from a 2nd-trimester ultrasound if the dating differed from the 

LMP by more than 10 days. Mothers self-reported breastfeeding status when the child 

was six months old and were categorized as: breastfeeding only (feeding their baby breast 

milk and no infant formula), formula only (had never fed their baby breast milk), mixed 
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(had fed their baby breast milk and were also feeding infant formula at six months), or 

weaned (had fed their baby at least some breast milk but stopped by six months). 

 

Statistical Analysis 

We examined protein intakes in the 1st and 2nd trimesters separately for all analyses. 

Results of all analyses were similar for 1st- and 2nd-trimester protein intakes. Because 

fetal growth occurs primarily during the 2nd and 3rd trimesters, we present results of 

analyses considering 2nd-trimester protein intake as the primary exposure and include 

results for 1st-trimester intake in supplemental tables.  We categorized protein in 

quartiles, and since associations were reasonably incremental across quartiles, we also 

examined protein intake as a continuous exposure and modeled the effect per 1SD 

increment (0.36 g/kg/d for 2nd-trimester intake).  

 

We used multiple imputation methods to impute missing data. We generated 50 imputed 

data sets using chained imputation (36), and combined estimates using Rubin’s rules (37). 

We present results from the imputed analysis throughout the manuscript unless otherwise 

indicated. All 2,128 participants were used in generating the imputed dataset, but only the 

1,961 participants who were eligible for a birth length measurement on their newborn 

(were visited by an RA and had at least one measurement taken at delivery, n=1,205), 

and/or completed an in-person visit with their child in infancy (n=1,697), early childhood 

(n=1,294), or mid-childhood (n=1,116) were included in the analysis. For each analysis, 

we used the sample size corresponding to participants who were eligible for that outcome 

measurement, and for analysis of birth weight z-score, we further restricted the sample to 
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participants with a birth length measurement to allow us to adjust the final model for 

birth length z-score. We performed all analyses with both original and imputed data and 

results were very similar. 

 

We examined parental and child characteristics for bivariate associations with 2nd-

trimester protein intake (as a continuous variable), and birth length and weight z-scores. 

Next, we examined differences in length at birth and infancy (six months) and height in 

early and mid-childhood across quartiles of protein intake. We used multivariable linear 

regression models to examine associations of protein intake (total and from animal and 

plant sources separately) with birth length z-score. To examine whether previously 

reported associations between maternal protein intake and infant birth weight might be 

explained at least in part by effects on birth length, we also examined associations of 

protein intake with birth weight z-score, with and without adjustment for birth length, 

using multivariable linear regression. 

 

We looked at the effect of maternal protein intake on growth trajectories over time using 

a two-step approach. First, we used mixed models to determine rate of growth over time 

for each individual. To obtain the best estimate of individual growth trajectories over 

time, we included length/height measurements obtained from research visits as well as 

clinical visits in these mixed models (no imputed data). This allowed us to use all 

available measurements for each child. In a previous measurement validation study 

among children aged 0 to <24 months, we found that clinical staff systematically 

overestimated children’s length with a paper and pencil method compared with a length 
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board. Thus, we used a regression correction factor to adjust for the overestimation 

((clinical length in cm×0.953) + 1.88 cm) (38). Each individual’s rate of growth was 

estimated with their predicted random effect or “empirical Bayes estimate”, if they had at 

least 2 length/height measurements. We then used linear regression to model these rates 

as a function of maternal protein intake, with adjustment for covariates (including 

imputed data). Because the slope of growth was steeper between birth and six months, we 

performed this 2-step approach for length measurements from birth up to just under six 

months only (ages 0-5.98 mo, mean age 2.1 mo, N=1,537) and then separately from six 

months to mid-childhood (ages 6 mo-10.9 yr , mean age 3.0 yr, N=1,537). 

 

We examined early growth at different time points and using slightly different methods 

for quantifying the exposure and outcomes but have not adjusted our results for multiple 

comparisons. We used hypothesis-driven models to look for trends and consistency of 

results across methods, and we interpreted all results in the context of our pre-specified 

hypothesis. All analyses were performed using SAS software, version 9.3 (SAS Institute, 

Inc.) 

 

Results 

Maternal education, race/ethnicity, household income at enrollment, smoking history, 

height, parity, pre-pregnancy BMI and GWG and paternal height were all associated with 

2nd-trimester protein intake, birth length z-score and birth weight z-score. Maternal age at 

enrollment was associated with birth length and weight z-scores but not with protein 

intake (Table 4.1).  
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Of 1,961 Project Viva participants included in our analytic sample, estimated usual 

protein intake was at or above the weight-based EAR for 98% of women in the first 

trimester and 91% in the second trimester. This indicates that only a small percentage of 

our sample (2% in the 1st trimester and 9% in the 2nd trimester) likely did not have 

adequate intakes of protein (31). 

 

The mean and range of total protein intakes by quartile are shown in Supplemental 

Table S4.1 (1st trimester) and Table 4.2 (2nd trimester). First- and 2nd-trimester protein 

intakes were highly correlated (Spearman r=0.79, P<0.0001); 40% of women were in the 

1st or 2nd quartile of intake in both trimesters, and 41% were in the 3rd or 4th quartile in 

both trimesters. Mean (range) intakes of animal protein were 60.2 g/d (3.5-124.7 g/d) and 

0.93 g/kg/d (0.04-2.56 g/kg/d) in the 1st trimester and 61.5 g/d (1.78-137.0 g/d) and 0.95 

g/kg/d (0.02-2.60 g/kg/d) in the 2nd. Mean (range) intakes of plant protein were 26.8 g/d 

(9.11-77.5 g/d) and 0.42 g/kg/d (0.06-1.62 g/kg/d) in the 1st trimester and 26.1 g/d (7.95-

66.9 g/d) and 0.41 g/kg/d (0.07-1.22 g/kg/d) in the 2nd. 

 

In bivariate analyses (Table 2), we observed an inverse relation of protein intake with 

length at birth and at later time points through mid-childhood. For example, mothers in 

the top quartile of protein intake had babies who were 0.4 cm shorter at birth than 

mothers in the bottom quartile of protein intake. Additionally, children of mothers who 

were in the top two quartiles of protein intake were shorter at the infancy, early childhood 

and mid-childhood visits than children of mothers who were in the bottom two quartiles. 
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In multivariable regression analyses (Table 4.3), we observed a negative association 

between protein intake in the 2nd trimester and birth length z-score. In unadjusted 

analysis, each 1 SD (0.36 g/kg/d) increment in maternal protein intake during the 2nd 

trimester corresponded to a -0.10 (95% CI: -0.17, -0.03) change in birth length z-score. 

This association strengthened after additionally adjusting for maternal education, age at 

enrollment, race/ethnicity, and household income (-0.15, 95% CI: -0.22, -0.08) but 

attenuated back to the effect estimate observed in the first model after further adjustment 

for GWG and maternal and paternal height (-0.10, 95% CI: -0.18, -0.03). Further 

adjustment for maternal smoking and parity did not change the effect estimates and we 

did not retain these variables in the final model. Results of analyses comparing quartiles 

of protein intake were similar – in the fully adjusted model, being in the top quartile of 

2nd-trimester maternal protein intake was associated with a change of -0.23 (95% CI:  

-0.43, -0.03) in birth length z-score compared to the bottom quartile. Results were very 

similar for 1st-trimester protein intake (Supplemental Table S4.2). 

 

We examined intakes of protein from animal and plant sources separately; both showed 

negative associations with birth length z-score similar to that of total protein intake. In 

models fully adjusted for maternal education, maternal race/ethnicity, household income 

and maternal age at enrollment, GWG, and maternal and paternal height, a 1-SD (0.30 g) 

increase in 2nd-trimester animal protein intake corresponded to a -0.08 (95% CI: -0.15,  

-0.01) change in birth length z-score, and the effect was similar for a 1-SD (0.13 g) 

increase in plant protein (-0.08, 95% CI: -0.15, -0.01). 
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In the model adjusted for maternal education, maternal race/ethnicity, household income, 

maternal age at enrollment, GWG, and maternal and paternal height, each 1-SD (0.36 

g/kg/d) increase in 2nd-trimester protein intake corresponded to a -0.12 (95% CI: -0.18,  

-0.06) change in birth weight z-score (Table 4.4). Further adjustment for birth length z-

score attenuated the regression coefficient to -0.06 (95% CI: -0.11, -0.01). We saw 

similar results when protein intake was analyzed in quartiles – birth weight z-score 

decreased with increasing protein intake after adjusting for all covariates, including birth 

length, though estimates were not statistically significant after adjusting for birth length. 

Results were also similar for 1st-trimester protein intake (Supplemental Table S4.3). 

 

Stratification by maternal race/ethnicity for the fully adjusted models examining 

associations of 2nd trimester maternal protein intake presented as a continuous variable 

with birth length and weight z-scores demonstrated similar associations for all 

race/ethnicity groups (data not shown). 

 

Since the slope of growth tends to be steepest in the 1st six months, we modeled the slope 

of growth from birth up to (but not including) six months and again from six months to 

mid-childhood (~age 7 y) as a function of 2nd-trimester maternal protein intake. In models 

adjusted for child sex and gestational age at delivery, a 1-SD increase in 2nd-trimester 

protein intake corresponded to a -0.04 cm/mo change (95% CI: -0.06, -0.02) in slope of 

growth from birth-<6 mo. Adding maternal education, race/ethnicity and age at 

enrollment, household income at enrollment, GWG, and maternal and paternal height to 

the model slightly attenuated this association (-0.03, 95% CI: -0.05, -0.01); this estimate 
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did not change after further adjustment for duration of breastfeeding. In the model fully 

adjusted for all of these covariates including breastfeeding duration, a 1-SD increase in 

2nd-trimester protein intake corresponded to a -0.09 cm/y change (95% CI: -0.14, -0.05) 

in slope of growth from 6 mo to mid-childhood. We also examined slope of length gain 

during both of these time intervals as a function of protein intake categorized into 

quartiles, and the results suggested an inverse association between protein intake and 

early growth (Figures 4.1-4.2). 

 

Discussion 

In a large cohort of mother-child pairs with data on protein intake at two time points in 

pregnancy, over eight years of follow-up with multiple measures of growth, and 

information on many potential confounders, we observed a consistent negative 

association between maternal protein intake during pregnancy and markers of offspring 

growth measured at birth through mid-childhood. This finding was contrary to our 

hypothesis that there would be a direct relationship between maternal protein intake and 

child growth during the fetal, infancy, and early childhood periods and a reversal of this 

association in mid-childhood.  

 

The few studies examining associations of maternal intake of protein during pregnancy 

with offspring growth have primarily focused on birth weight (11, 13, 14, 20, 21, 23). 

Our main focus was on linear growth, and we also examined associations with birth 

weight (with and without adjustment for birth length) for comparison with other studies 

in the literature, and to determine whether previously observed associations with birth 
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weight might be due to effects on birth length. Our results are consistent with the inverse 

association with birth weight observed in some studies (20, 21), and in contrast to the 

direct relationship seen in others (11-16). These discrepancies may in part result from 

differences in the specific type of protein examined (total, animal, plant, or dairy protein), 

timing of exposure assessment (evidence from animal studies and “natural” human 

experiments suggests that outcomes depend on the timing of alterations in maternal 

nutrient status (39)) and average protein intake in the population. In addition, we used a 

slightly different approach to categorizing the exposure in considering protein intake in 

g/kg of pre-pregnancy weight, which aligns with the weight-specific dietary guidelines 

for pregnancy. This approach also helps to minimize any confounding effect of the 

mother’s weight status.  

 

Few previous studies examined relationships with birth length (15-18), a proxy measure 

of fetal length growth, though it is possible that associations of maternal protein intake 

with birth weight are a result of effects on fetal linear growth. In contrast to our results, 

Burke et al. observed a direct dose-response relationship between protein content of the 

mother’s diet and birth length (16). However, that was a small study conducted in 1943, 

and 68% of the women in this study consumed <70 g of protein/d in the 4th-9th months of 

pregnancy. Over 91% of women in our sample had an estimated protein intake above the 

late-pregnancy EAR of 0.88 g/kg/d in their 2nd trimester. Our results may be reconciled 

with those of Burke et al. by considering the possibility that maternal protein intake has a 

U-shaped relationship with fetal growth – growth is optimized at moderate intakes but 

restricted by both inadequate and very high intakes.  
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This U-shaped relationship was observed by Sloan et al. in a cohort of low-income, urban 

women and their babies. In comparison to women with intermediate protein intake during 

pregnancy, those with either high (≥85 g) or low (<50 g) protein intake had babies with 

lower birth weight. Quadratic models indicated that birth weight increased with protein 

intakes up to 69.5 g/d and declined with higher intakes (21). In our cohort, intakes were 

above this threshold for 88% of women in the 1st trimester and 90% in the 2nd trimester, 

which may explain the observed negative relationship between protein intake and 

measures of fetal growth. Watson et al. also observed a quadratic relationship between 

protein intake and birth weight, but with a higher quadratic curve maximum of 108 g/d 

(20).  

 

Maternal diet during pregnancy is a proxy measure of fetal nutrient exposure, as the fetus 

is at the end of a complex nutrient “supply line”. Delivery of nutrients to the fetus is 

modulated by maternal metabolism and partitioning of nutrients, the intrauterine 

environment, placental characteristics affecting the efficiency of nutrient transfer, and the 

fetal endocrine environment and metabolism (39, 40). Normal fetal growth requires an 

adequate supply of amino acids and effective transport across the placenta. Compromised 

maternal nutritional status appears to impair placental amino acid transport (41), and 

pregnancies complicated by intrauterine growth restriction (IUGR) are characterized by 

reductions in both cord plasma amino acid concentrations and placental amino acid 

transporter activity (42, 43). While reduced amino acid availability to the fetus can result 

from inadequate maternal levels, placental transport and umbilical uptake of certain 

amino acids may also be impaired by high maternal concentrations due to competition for 
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transporters (43). Thus, the quadratic relationship between maternal protein intake and 

measures of fetal growth may be explained at least in part by insufficient transport of 

amino acids required for fetal growth at both low and high maternal concentrations. This 

may also explain the discrepancy in results between our study, which showed an inverse 

association between maternal protein and fetal and infant growth, and other studies 

indicating that greater maternal protein intake is associated with higher measures of early 

growth. 

 

Our study has several limitations. First, we do not have data on birth length for the entire 

cohort. Measurements were missing for higher proportions of Asian and Hispanic women 

and women with lower education levels, and babies who did not have a birth length 

measurement had a lower gestational age at delivery (39.1 vs. 39.7 wk, p<0.0001) and 

lower birth weight (3379 g vs. 3524 g, p<0.0001) than babies who did have their birth 

length measured. Maternal protein intake did not differ between observations with and 

without a birth length measurement. Additionally, few participants had data from all four 

research visits, but the use of linear mixed models allows for inclusion of observations 

with missing data in modeling growth over time, assuming data are missing at random. 

We also included clinical measurements obtained from medical records to increase the 

number of observations and available data points for the mixed models, and used multiple 

imputation methods, a commonly accepted statistical technique for increasing the number 

of observations available for analysis while maintaining the uncertainty inherent in the 

imputed values and thus allowing valid statistical inference (44, 45), to increase the 

number of observations included in our analyses.  
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We used dietary data obtained from FFQs administered during the 1st and 2nd trimesters 

only. Although the FFQ used in this study has been extensively validated in several 

populations, FFQs in general are subject to several limitations in measuring nutritional 

exposures. Absolute nutrient intakes are estimated with some degree of measurement 

error, but we have used several methods to address this error. First, results were 

consistent when we ranked participants into quartiles of protein intake and when we 

examined protein intake as a continuous variable. This approach is accepted as a valid 

method for analyzing data obtained from FFQs, and has been used in several analyses of 

maternal diet variables in Project Viva specifically (46, 47). Additionally, one common 

technique for improving the validity of FFQs is adjusting for total energy intake (28, 29), 

and our nutrient intake estimates were energy-adjusted using the nutrient residual 

method.  

 

Residual confounding remains a possibility, particularly given the influence of genetic 

factors on length growth. We accounted for many potential confounders, including both 

maternal and paternal height, in multivariable models, but did not have results of genetic 

analyses available to fully account for genetic contributions to growth. Finally, our 

sample is not representative of pregnant women in the general U.S. population. All 

women in the Project Viva cohort resided in the greater Boston area and had health 

insurance at the time of recruitment. Many were college-education, and the cohort is 

about 67% White. Protein intake in our sample may be higher than that in other 
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populations of women of childbearing age (48, 49). Our results may not be generalizable 

to all populations of pregnant women. 

 

In conclusion, in a cohort of pregnant women with relatively high protein intake, higher 

intake was associated with lower offspring birth length z-score, slower linear growth 

through six months and into mid-childhood, and lower birth weight z-score after 

adjusting for a variety of confounding factors. While adequate protein intake during 

pregnancy is important for fetal growth and development, our results suggest the 

possibility that high dietary intakes observed in well-nourished women may slightly 

impair fetal and early growth. 



89 
 

 

 

Acknowledgements 

We thank the participants and staff of Project Viva. We thank Nolwenn Regnault for her 

work in preparing the clinical length/height data for analysis. Authors’ contributions were 

as follows: KMS – designed and conducted the research, analyzed the data, drafted the 

manuscript, and had primary responsibility for the final content; PFJ, AA, MWG and EO 

– provided study oversight; KPK – provided guidance on statistical analysis. All authors 

provided critical intellectual contributions and read and approved the final manuscript. 

None of the authors has a conflict of interest to report.



90 
 

 

 

References 

1.  Larnkjaer A, Ingstrup HK, Schack-Nielsen L, Hoppe C, Molgaard C, Skovgaard IM, 

Juul A, Michaelsen KF. Early programming of the IGF-I axis: negative association 

between IGF-I in infancy and late adolescence in a 17-year longitudinal follow-up study 

of healthy subjects. Growth Horm IGF Res 2009;19:82-6. 

2.  Martin RM, Holly JM, Gunnell D. Milk and linear growth: programming of the igf-I 

axis and implication for health in adulthood. Nestle Nutr Workshop Ser Pediatr Program 

2011;67:79-97. 

3.  Ong KK, Langkamp M, Ranke MB, Whitehead K, Hughes IA, Acerini CL, Dunger 

DB. Insulin-like growth factor I concentrations in infancy predict differential gains in 

body length and adiposity: the Cambridge Baby Growth Study. Am J Clin Nutr 

2009;90:156-61. 

4.  Baumann MU, Deborde S, Illsley NP. Placental glucose transfer and fetal growth. 

Endocrine 2002;19:13-22. 

5.  Madsen AL, Larnkjaer A, Molgaard C, Michaelsen KF. IGF-I and IGFBP-3 in healthy 

9 month old infants from the SKOT cohort: breastfeeding, diet, and later obesity. Growth 

Horm IGF Res 2011;21:199-204. 

6.  Koletzko B, von Kries R, Closa R, Escribano J, Scaglioni S, Giovannini M, Beyer J, 

Demmelmair H, Gruszfeld D, Dobrzanska A, et al. Lower protein in infant formula is 

associated with lower weight up to age 2 y: a randomized clinical trial. Am J Clin Nutr 

2009;89:1836-45. 

7.  Rehfeldt C, Lang IS, Gors S, Hennig U, Kalbe C, Stabenow B, Brussow KP, Pfuhl R, 

Bellmann O, Nurnberg G, et al. Limited and excess dietary protein during gestation 



91 
 

 

 

affects growth and compositional traits in gilts and impairs offspring fetal growth. J Anim 

Sci 2011;89:329-41. 

8.  Han R, Li A, Li L, Kitlinska JB, Zukowska Z. Maternal low-protein diet up-regulates 

the neuropeptide Y system in visceral fat and leads to abdominal obesity and glucose 

intolerance in a sex- and time-specific manner. FASEB J 2012;26:3528-36. 

9.  Zohdi V, Lim K, Pearson JT, Black MJ. Developmental programming of 

cardiovascular disease following intrauterine growth restriction: findings utilising a rat 

model of maternal protein restriction. Nutrients 2014;7:119-52. 

10.  Blumfield ML, Collins CE. High-protein diets during pregnancy: healthful or 

harmful for offspring? Am J Clin Nutr 2014;100:993-5. 

11.  Cuco G, Arija V, Iranzo R, Vila J, Prieto MT, Fernandez-Ballart J. Association of 

maternal protein intake before conception and throughout pregnancy with birth weight. 

Acta Obstet Gynecol Scand 2006;85:413-21. 

12.  Heppe DH, van Dam RM, Willemsen SP, den Breeijen H, Raat H, Hofman A, 

Steegers EA, Jaddoe VW. Maternal milk consumption, fetal growth, and the risks of 

neonatal complications: the Generation R Study. Am J Clin Nutr 2011;94:501-9. 

13.  Godfrey K, Robinson S, Barker DJ, Osmond C, Cox V. Maternal nutrition in early 

and late pregnancy in relation to placental and fetal growth. BMJ 1996;312:410-4. 

14.  Moore VM, Davies MJ, Willson KJ, Worsley A, Robinson JS. Dietary composition 

of pregnant women is related to size of the baby at birth. J Nutr 2004;134:1820-6. 

15.  Olsen SF, Halldorsson TI, Willett WC, Knudsen VK, Gillman MW, Mikkelsen TB, 

Olsen J, NUTRIX Consortium. Milk consumption during pregnancy is associated with 

increased infant size at birth: prospective cohort study. Am J Clin Nutr 2007;86:1104-10. 



92 
 

 

 

16.  Burke BS, Harding VV, Stuart HC. Nutrition studies during pregnancy; relation of 

protein content of mother's diet during pregnancy to birth length, birth weight, and 

condition of infant at birth. J Nutr 1943;23:506-15. 

17.  Andreasyan K, Ponsonby AL, Dwyer T, Morley R, Riley M, Dear K, Cochrane J. 

Higher maternal dietary protein intake in late pregnancy is associated with a lower infant 

ponderal index at birth. Eur J Clin Nutr 2007;61:498-508. 

18.  Lagiou P, Tamimi RM, Mucci LA, Adami HO, Hsieh CC, Trichopoulos D. Diet 

during pregnancy in relation to maternal weight gain and birth size. Eur J Clin Nutr 

2004;58:231-7. 

19.  Mathews F, Yudkin P, Neil A. Influence of maternal nutrition on outcome of 

pregnancy: prospective cohort study. BMJ 1999;319:339-43. 

20.  Watson PE, McDonald BW. The association of maternal diet and dietary supplement 

intake in pregnant New Zealand women with infant birthweight. Eur J Clin Nutr 

2010;64:184-93. 

21.  Sloan NL, Lederman SA, Leighton J, Himes JH, Rush D. The effect of prenatal 

dietary protein intake on birth weight. Nutr Res 2001;21:129-39. 

22.  Rush D, Stein Z, Susser M. A randomized controlled trial of prenatal nutritional 

supplementation in New York City. Pediatrics 1980;65:683-97. 

23.  Viegas OA, Scott PH, Cole TJ, Eaton P, Needham PG, Wharton BA. Dietary protein 

energy supplementation of pregnant Asian mothers at Sorrento, Birmingham. II: 

Selective during third trimester only. Br Med J (Clin Res Ed) 1982;285:592-5. 



93 
 

 

 

24.  Oken E, Baccarelli AA, Gold DR, Kleinman KP, Litonjua AA, De Meo D, Rich-

Edwards JW, Rifas-Shiman SL, Sagiv S, Taveras EM, et al. Cohort Profile: Project Viva. 

Int J Epidemiol 2015; Feb;44(1):37-48. 

25.  Rimm EB, Giovannucci EL, Stampfer MJ, Colditz GA, Litin LB, Willett WC. 

Reproducibility and validity of an expanded self-administered semiquantitative food 

frequency questionnaire among male health professionals. Am J Epidemiol 

1992;135:1114,26. 

26.  Fawzi WW, Rifas-Shiman SL, Rich-Edwards JW, Willett WC, Gillman MW. 

Calibration of a semi-quantitative food frequency questionnaire in early pregnancy. Ann 

Epidemiol 2004;14:754-62. 

27.  US Department of Agriculture, Agricultural Research Service. USDA National 

Nutrient Database for Standard Reference, release 14. Washington, DC: USDA, 2001. 

28.  Willett WC, Howe GR, Kushi LH. Adjustment for total energy intake in 

epidemiologic studies. Am J Clin Nutr 1997;65:1220S,1228S; discussion 1229S-1231S. 

29.  Mackerras D. Energy adjustment: the concepts underlying the debate. J Clin 

Epidemiol 1996;49:957-62. 

30.  Kipnis V, Subar AF, Midthune D, Freedman LS, Ballard-Barbash R, Troiano RP, 

Bingham S, Schoeller DA, Schatzkin A, Carroll RJ. Structure of dietary measurement 

error: results of the OPEN biomarker study. Am J Epidemiol 2003;158:14,21. 

31.  Murphy SP, Poos MI. Dietary Reference Intakes: summary of applications in dietary 

assessment. Public Health Nutr 2002;5:843-9. 

32.  Institute of Medicine (US) Subcommittee on Interpretation and Uses of Dietary 

Reference Intakes, Institute of Medicine (US) Standing Committee on the Scientific 



94 
 

 

 

Evaluation of Dietary Reference Intakes. DRI Dietary Reference Intakes: Applications in 

Dietary Assessment. Washington (DC): National Academies Press (US); 2000. 

33.  National Research Council. Dietary Reference Intakes for Energy, Carbohydrate, 

Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients). 

Washington, DC: The National Academies Press, 2005. 

34.  Oken E, Taveras EM, Kleinman KP, Rich-Edwards JW, Gillman MW. Gestational 

weight gain and child adiposity at age 3 years. Am J Obstet Gynecol 

2007;196:322.e1,322.e8. 

35.  Villar J, Cheikh Ismail L, Victora CG, Ohuma EO, Bertino E, Altman DG, Lambert 

A, Papageorghiou AT, Carvalho M, Jaffer YA, et al. International standards for newborn 

weight, length, and head circumference by gestational age and sex: the Newborn Cross-

Sectional Study of the INTERGROWTH-21st Project. Lancet 2014;384:857-68. 

36.  White IR, Royston P, Wood AM. Multiple imputation using chained equations: 

Issues and guidance for practice. Stat Med 2011;30:377-99. 

37.  Rubin D. Multiple imputation for nonresponse in surveys. Hoboken, NJ: Wiley-

Interscience, 2004. 

38.  Rifas-Shiman SL, Rich-Edwards JW, Scanlon KS, Kleinman KP, Gillman MW. 

Misdiagnosis of overweight and underweight children younger than 2 years of age due to 

length measurement bias. MedGenMed 2005;7:56. 

39.  Kind KL, Moore VM, Davies MJ. Diet around conception and during pregnancy--

effects on fetal and neonatal outcomes. Reprod Biomed Online 2006;12:532-41. 

40.  Harding JE. The nutritional basis of the fetal origins of adult disease. Int J Epidemiol 

2001;30:15-23. 



95 
 

 

 

41.  Hayward CE, Greenwood SL, Sibley CP, Baker PN, Challis JR, Jones RL. Effect of 

maternal age and growth on placental nutrient transport: potential mechanisms for 

teenagers' predisposition to small-for-gestational-age birth? Am J Physiol Endocrinol 

Metab 2012;302:E233-42. 

42.  Iruloh CG, D'Souza SW, Fergusson WD, Baker PN, Sibley CP, Glazier JD. Amino 

acid transport systems beta and A in fetal T lymphocytes in intrauterine growth 

restriction and with tumor necrosis factor-alpha treatment. Pediatr Res 2009;65:51-6. 

43.  Regnault TR, de Vrijer B, Battaglia FC. Transport and metabolism of amino acids in 

placenta. Endocrine 2002;19:23-41. 

44.  Walani SR, Cleland CM. The multiple imputation method: a case study involving 

secondary data analysis. Nurse Res 2015;22:13-9. 

45.  Barnard J, Meng XL. Applications of multiple imputation in medical studies: from 

AIDS to NHANES. Stat Methods Med Res 1999;8:17-36. 

46.  Camargo CA,Jr, Rifas-Shiman SL, Litonjua AA, Rich-Edwards JW, Weiss ST, Gold 

DR, Kleinman K, Gillman MW. Maternal intake of vitamin D during pregnancy and risk 

of recurrent wheeze in children at 3 y of age. Am J Clin Nutr 2007;85:788-95. 

47.  Radesky JS, Oken E, Rifas-Shiman SL, Kleinman KP, Rich-Edwards JW, Gillman 

MW. Diet during early pregnancy and development of gestational diabetes. Paediatr 

Perinat Epidemiol 2008;22:47-59. 

48.  U.S. Department of Agriculture, Agricultural Research Service. Nutrient Intakes 

from Food: Mean Amounts and Percentages of Calories from Protein, Carbohydrate, Fat, 

and Alcohol, One Day, 2005-2006. 2008. 



96 
 

 

 

49.  Halkjaer J, Olsen A, Bjerregaard LJ, Deharveng G, Tjonneland A, Welch AA, Crowe 

FL, Wirfalt E, Hellstrom V, Niravong M, et al. Intake of total, animal and plant proteins, 

and their food sources in 10 countries in the European Prospective Investigation into 

Cancer and Nutrition. Eur J Clin Nutr 2009;63 Suppl 4:S16-36. 



97 
 

 

 

Tables 

Table 4.1: Associations of characteristics of Project Viva participants1 with 2nd-trimester 

protein intake and birth outcomes 

 

  2
nd

-Trimester 

Protein Intake 

(g/kg) 

Birth Weight 

Z-Score2 

 

Birth Length Z-Score2 

 N Mean (SD) N Mean (SD) 

Overall 1,961 1.4 (0.4) 0.55 (1.03) 1,205 0.25 (1.12) 

Maternal Characteristic %   %  

Education 

≤ High school 

Some college 

4-year college 

Graduate school 

P3 

 

11 

23 

36 

30 

 

1.2 (0.4) 

1.3 (0.4) 

1.4 (0.4) 

1.4 (0.3) 

<0.0001 

 

0.29 (1.04) 

0.50 (1.03) 

0.66 (1.04) 

0.56 (1.00) 

<0.0001 

 

11 

22 

36 

31 

 

-0.00 (1.21) 

0.13 (1.15) 

0.33 (1.21) 

0.33 (1.19) 

<0.01 

Race/Ethnicity 

Asian 

Black 

Hispanic 

Other 

White 

P 

 

6 

16 

7 

4 

67 

 

1.6 (0.4) 

1.2 (0.4) 

1.3 (0.4) 

1.2 (0.4) 

1.4 (0.3) 

<0.0001 

 

0.12 (1.01) 

0.30 (1.05) 

0.42 (1.05) 

0.49 (1.14) 

0.66 (1.00) 

<0.0001 

 

5 

17 

6 

4 

69 

 

0.16 (1.25) 

-0.04 (1.16) 

0.12 (1.26) 

0.09 (1.30) 

0.35 (1.21) 

<0.001 

Household Income at 

Enrollment 

≤$20,000 

$20,001-40,000 

$40,001-70,000 

>$70,000 

P 

 

 

5 

12 

24 

59 

 

 

1.2 (0.5) 

1.3 (0.4) 

1.3 (0.4) 

1.4 (0.3) 

<0.0001 

 

 

0.15 (1.15) 

0.44 (1.18) 

0.54 (1.04) 

0.61 (1.03) 

<0.001 

 

 

5 

12 

24 

58 

 

 

-0.17 (1.33) 

0.13 (1.27) 

0.26 (1.18) 

0.31 (1.25) 

0.02 

Smoking History 

Never 

Before pregnancy 

During pregnancy 

P 

 

69 

19 

12 

 

 

1.4 (0.4) 

1.4 (0.3) 

1.3 (0.4) 

<0.001 

 

0.55 (1.02) 

0.65 (1.00) 

0.40 (1.14) 

0.01 

 

69 

19 

12 

 

0.24 (1.21) 

0.45 (1.18) 

0.03 (1.15) 

<0.01 

Age at Enrollment 

<20 

20-<30 

30-<40 

≥40 

P 

 

3 

27 

66 

4 

 

1.3 (0.4) 

1.3 (0.4) 

1.4 (0.4) 

1.4 (0.3) 

0.11 

 

-0.06 (0.95) 

0.36 (1.04) 

0.66 (1.01) 

0.54 (0.94) 

<0.001 

 

4 

26 

66 

4 

 

 

-0.41 (1.03) 

0.16 (1.16) 

0.33 (1.23) 

0.13 (1.22) 

<0.001 

Height (m) 

≤1.57 

>1.57-1.68 

>1.68 

P 

 

10 

61 

29 

 

1.5 (0.4) 

1.4 (0.4) 

1.2 (0.3) 

<0.0001 

 

0.15 (1.04) 

0.49 (1.01) 

0.82 (1.00) 

<0.0001 

 

10 

60 

30 

 

-0.21 (0.11) 

0.20 (1.19) 

0.51 (1.18) 

<0.0001 

Parity 

0 

≥1 

P 

 

48 

52 

 

1.4 (0.4) 

1.3 (0.4) 

<0.001 

 

0.35 (1.00) 

0.73 (1.02) 

<0.0001 

 

48 

52 

 

 

0.12 (1.23) 

0.37 (1.20) 

<0.001 
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1 Includes all mother-child pairs who completed any one of the four in-person visits 

from delivery to mid-childhood (protein intake and birth weight z-score) or who had ≥1 

measurement taken on the newborn at delivery (birth length z-score) 
2 Based on INTERGROWTH-21st growth standards, sex-specific by gestational age 
3Global (type 3) p-value testing for difference in outcome across categories of maternal 

and other characteristics 

 

 

 

 
2

nd
-Trimester 

Protein Intake 

(g/kg) 

Birth Weight Z-

Score2 
Birth Length Z-Score2 

Maternal Characteristic % Mean (SD) % Mean (SD) 

Pre-Pregnancy BMI 

(kg/m2) 

<18.5 

18.5-24.9 

25.0-29.9 

≥30 

P 

 

 

3 

59 

22 

16 

 

 

1.8 (0.4) 

1.5 (0.3) 

1.2 (0.3) 

0.9 (0.3) 

<0.0001 

 

 

0.12 (0.88) 

0.46 (1.01) 

0.78 (1.02) 

0.67 (1.07) 

<0.0001 

 

 

3 

59 

22 

16 

 

 

0.18 (1.10) 

0.19 (1.19) 

0.46 (1.24) 

0.21 (1.19) 

0.01 

Gestational Weight Gain 

Inadequate 

Adequate 

Excessive 

P 

 

13 

29 

58 

 

1.4 (0.4) 

1.4 (0.4) 

1.3 (0.4) 

<0.0001 

 

0.18 (1.04) 

0.34 (0.98) 

0.74 (1.01) 

<0.0001 

 

12 

29 

59 

 

-0.02 (1.19) 

0.16 (1.15) 

0.35 (1.25) 

<0.001 

 

Other Characteristic      

Child Sex 

Female 

Male 

P 

 

49 

51 

 

1.4 (0.4) 

1.3 (0.4) 

0.16 

 

0.51 (1.02) 

0.59 (1.03) 

0.07 

 

49 

51 

 

0.25 (1.22) 

0.25 (1.20) 

0.92 

Gestational Age at Birth 

(wk) 

<37 

37-42 

>42-43 

P 

 

 

7 

92 

1 

 

 

1.4 (0.4) 

1.4 (0.4) 

1.4 (0.4) 

0.9 

 

 

0.10 (1.06) 

0.58 (1.02) 

0.43 (1.15) 

<0.001 

 

 

4 

94 

2 

 

 

0.05 (1.29) 

0.26 (1.22) 

-0.09 (1.01) 

0.22 

Breastfeeding Status at 6 

mo 

Formula only 

Weaned 

Mixed 

Breastfeeding only 

P 

 

 

12 

39 

24 

25 

 

 

1.2 (0.4) 

1.3 (0.4) 

1.4 (0.4) 

1.4 (0.4) 

<0.0001 

 

 

0.58 (1.16) 

0.49 (1.10) 

0.56 (1.05) 

0.63 (1.01) 

0.14 

 

 

12 

38 

25 

26 

 

 

0.30 (1.28) 

0.19 (1.27) 

0.28 (1.30) 

0.29 (1.16) 

0.58 

Paternal Height (m) 

≤1.68 

>1.68-1.78 

>1.78 

P 

 

10 

40 

50 

 

1.3 (0.4) 

1.4 (0.4) 

1.4 (0.4) 

0.02 

 

0.26 (1.00) 

0.49 (1.05) 

0.65 (1.01) 

<0.0001 

 

10 

40 

50 

 

0.01 (1.23) 

0.11 (1.28) 

0.40 (1.15) 

<0.0001 



 
    

 

 

Table 4.2: Length at birth and in infancy and height in early childhood and mid-childhood by quartile of 2nd-trimester maternal protein 

intake 

Quartile of 2nd-Trimester 

Protein Intake (g/kg1/d) 

 

N 

 

All 

 

Q1 

 

Q2 

 

Q3 

 

Q4 

 

P2 

Protein Intake  

    Mean (Range) g/kg/d 

    Mean (Range) g/d 

1,9613  

1.4 (0.3-3.1) 

88 (42-153) 

 

0.9 (0.3-1.1) 

77 (42-131) 

 

1.2 (1.1-1.3) 

84 (52-131) 

 

1.5 (1.3-1.6) 

89 (58-132) 

 

1.8 (1.6-3.1) 

100 (67-153) 

 

  Mean  

Birth Length (cm) 1,2054 49.8 49.9 49.8 49.7 49.5 <0.05 

Infant (6mo) Length (cm) 1,6975 66.8 67.2 67.0 66.6 66.5 0.0001 

Early Childhood Height (cm) 1,2946 97.6 98.9 97.9 96.7 96.9 <0.0001 

Mid-Childhood Height (cm) 1,1167 128.8 130.7 129.7 127.2 127.5 <0.0001 
1 Pre-pregnancy body weight  
2 From a test for linear trend 
3 Includes all participants eligible for a length measurement at any time point 
4 Includes all participants eligible for a newborn length measurement (had either newborn anthropometry, length, or blood pressure) 
5 Includes all participants eligible for an infant length measurement (completed an in-person visit in infancy) 
6 Includes all participants eligible for an early childhood height measurement (completed an in-person visit in early childhood) 
7 Includes all participants eligible for a mid-childhood height measurement (completed an in-person visit in mid-childhood)

9
9
 



 
 

 

 

Table 4.3: Associations of 2nd-trimester maternal protein intake, presented as a continuous variable and by quartile, with birth length z-

score1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Based on INTERGROWTH-21st growth standards, sex-specific by gestational age 
2 Values are βs, 95% CIs in parentheses, based on multivariable linear regression models. Protein intake is adjusted for total energy 

intake. 
3Pre-pregnancy body weight 
4Unadjusted 
5Adjusted for maternal education, maternal race/ethnicity, household income at enrollment, maternal age at enrollment 
6Adjusted for covariates in Model 2 + gestational weight gain, maternal and paternal height 

 

 

 

   Birth Length Z-Score2 (n=1,205) 

2nd-Trimester Maternal 

Protein Intake (g/kg3/d) 

Mean 

Birth 

Length 

(cm) 

Mean  

Birth 

Length 

Z-Score 

Model 14 Model 25 Model 36 

Continuous 

1SD (0.36 g/kg/d) 

Increment 

  -0.10 (-0.17, -0.03) -0.15 (-0.22, -0.08) -0.10 (-0.18, -0.03) 

Quartiles (Median 

Intake in g/kg/d) 

        

1 (0.94) 49.9 0.35 Ref Ref Ref 

2 (1.23) 49.8 0.32 -0.03 (-0.22, 0.17) -0.10 (-0.29, 0.10) -0.07 (-0.26, 0.13) 

3 (1.46) 49.7 0.20 -0.15 (-0.35, 0.05) -0.25 (-0.45, -0.05) -0.19 (-0.39, 0.01) 

4 (1.75) 49.5 0.12 -0.23 (-0.43, -0.04) -0.35 (-0.54, -0.15) -0.23 (-0.43, -0.03) 

1
0
0
 



 
 

 

 

Table 4.4: Associations of 2nd-trimester maternal protein intake, presented as a continuous variable and by quartile, with birth weight 

z-score1 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Based on INTERGROWTH-21st growth standards, sex-specific by gestational age 
2 Values are βs, 95% CIs in parentheses, based on multivariable linear regression models. Protein intake is adjusted for total energy 

intake. 
3Pre-pregnancy body weight 
4Unadjusted 
5Adjusted for maternal education, maternal race/ethnicity, household income at enrollment, maternal age at enrollment 
6Adjusted for covariates in Model 2 + gestational weight gain, maternal and paternal height 
7Adjusted for covariates in Model 3 + birth length 

 Birth Weight Z-Score2 (n=1,205) 

2nd-Trimester 

Maternal 

Protein Intake 

(g/kg3/d) 

Mean 

Birth 

Weight 

(kg) 

Mean  

Birth 

Weight 

Z-Score 

Model 14 Model 25 Model 36 Model 47 

Continuous 

(Per each 1SD 

(0.36 g/kg/d) 

Increment) 

  -0.15 (-0.21, -0.09) -0.17 (-0.23, -0.11) -0.12 (-0.18, -0.06) -0.06 (-0.11, -0.01) 

Quartiles 

(Median Intake 

in g/kg/d) 

      

1 (0.94) 3.6 0.72 Ref Ref Ref Ref 

2 (1.23) 3.5 0.62 -0.11 (-0.28, 0.07) -0.16 (-0.33, 0.02) -0.13 (-0.30, 0.04) -0.10 (-0.23, 0.04) 

3 (1.46) 3.5 0.55 -0.17 (-0.34, 0.00) -0.23 (-0.40, -0.06) -0.16 (-0.33, 0.01) -0.06 (-0.19, 0.08) 

4 (1.75) 3.4 0.38 -0.34 (-0.51, -0.17) -0.39 (-0.56, -0.21) -0.25 (-0.43, -0.08) -0.13 (-0.27, 0.02) 

1
0
1
 



102 
 

 

 

Figure 4.1 Legend 

 

Difference in slope of length gain from 0 to <6 months (ages 0-5.98 mo, mean age 2.1 mo) by 

quartile of maternal protein intake (g/kg/d), compared to the lowest quartile of intake. Dots 

indicate difference from the lowest quartile in the mean predicted random effect (i.e., mean slope) 

for subjects in that protein intake group, with 95% CIs indicated by error bars. From 

multivariable linear regression models adjusted for child sex and gestational age at delivery, 

maternal education, maternal race/ethnicity, household income at enrollment, maternal age at 

enrollment, GWG, maternal and paternal height, and duration of breastfeeding (mo). Includes 

1,537 mother-child pairs. 

 

Figure 4.2 Legend 

 

Difference in slope of length gain from 6 months to mid-childhood (ages 6 mo-10.9 y, mean age 

3.0 y) by quartile of maternal protein intake (g/kg/d), compared to the lowest quartile of intake. 

Dots indicate difference from the lowest quartile in the mean predicted random effect (i.e., mean 

slope) for subjects in that protein intake group, with 95% CIs indicated by error bars. From 

multivariable linear regression models adjusted for child sex and gestational age at delivery, 

maternal education, maternal race/ethnicity, household income at enrollment, maternal age at 

enrollment, GWG, maternal and paternal height, and duration of breastfeeding (mo). Includes 

1,537 mother-child pairs. 
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Figure 4.1 
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Figure 4.2 
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Online Supplemental Material 

 

Supplemental Table S4.1: Length/height at birth and in infancy, early childhood and mid-childhood by quartile of 1st-trimester 

maternal protein intake 

Quartile of 1st-Trimester 

Protein Intake (g/kg1/d) 

N All Q1 Q2 Q3 Q4 P2 
 

Protein Intake  

    Mean (Range) g/kg/d 

    Mean (Range) g/day 

1,9613  

1.3 (0.3-3.1) 

87 (38-148) 

 

0.9 (0.3-1.1) 

75 (38-134) 

 

1.2 (1.1-1.3) 

84 (50-139) 

 

1.4 (1.3-1.6) 

89 (58-137) 

 

1.8 (1.6-3.1) 

101 (64-148) 

 

  Mean  

Birth Length (cm) 12054 49.8 49.9 49.8 49.6 49.7 0.18 

Infant (6mo) Length (cm) 16975 66.8 67.1 67.0 66.5 66.6 <0.01 

Early Childhood Height (cm) 12946 97.6 98.5 97.9 97.2 96.8 <0.0001 

Mid-Childhood Height (cm) 11167 128.8 130.2 129.6 128.1 127.3 <0.0001 
1 Pre-pregnancy body weight  
2 From a test for linear trend 
3 Includes all participants eligible for a length measurement at any time point 
4 Includes all participants eligible for a newborn length measurement (had either newborn anthropometry, length, or blood pressure) 
5 Includes all participants eligible for an infant length measurement (completed an in-person visit in infancy) 
6 Includes all participants eligible for an early childhood height measurement (completed an in-person visit in early childhood) 
7 Includes all participants eligible for a mid-childhood height measurement (completed an in-person visit in mid-childhood 

 

1
0
5
 



 

 

 

 

Supplemental Table S4.2: Associations of 1st-trimester maternal protein intake, presented as a continuous variable and by quartile, 

with birth length z-score1 

1 Based on INTERGROWTH-21st growth standards, sex-specific by gestational age 
2 Values are βs, 95% CIs in parentheses, based on multivariable linear regression models. Protein intake is adjusted for total energy 

intake. 
3Pre-pregnancy body weight 
4Unadjusted 
5Adjusted for maternal education, maternal race/ethnicity, household income at enrollment, maternal age at enrollment 
6Adjusted for covariates in Model 2 + gestational weight gain, maternal and paternal height 

   Birth Length Z-Score2 (n=1,205) 

1st-Trimester Maternal 

Protein Intake (g/kg3/d) 

Mean 

Birth 

Length 

(cm) 

Mean  

Birth 

Length Z-

Score 

Model 14 Model 25 Model 36 

Continuous 

1SD (0.36g/kg/d) 

Increment 

  -0.11 (-0.18, -0.04) -0.16 (-0.23, -0.08) -0.12 (-0.19, -0.04) 

Quartiles (Median Intake 

in g/kg/d) 

        

1 (0.92) 49.9 0.40 Ref Ref Ref 

2 (1.21) 49.8 0.29 -0.11 (-0.31, 0.08) -0.18 (-0.37, 0.02) -0.15 (-0.34, 0.04) 

3 (1.44) 49.6 0.20 -0.26 (-0.46, -0.06) -0.36 (-0.56, -0.16) -0.29 (-0.49, -0.09) 

4 (1.77) 49.7 0.17 -0.22 (-0.42, -0.03) -0.34 (-0.55, -0.14) -0.26 (-0.46, -0.05) 

1
0
6
 



 

 

 

 

Supplemental Table S4.3: Associations of 1st-trimester maternal protein intake, presented as a continuous variable and by quartile, 

with birth weight z-score1 

1 Based on INTERGROWTH-21st growth standards, sex-specific by gestational age 
2 Values are βs, 95% CIs in parentheses, based on multivariable linear regression models. Protein intake is adjusted for total energy 

intake. 
3Pre-pregnancy body weight 
4Unadjusted 
5Adjusted for maternal education, maternal race/ethnicity, household income at enrollment, maternal age at enrollment 
6Adjusted for covariates in Model 2 + gestational weight gain, maternal and paternal height 
7Adjusted for covariates in Model 3 + birth length

 Birth Weight Z-Score2 (n=1,205) 

1st-Trimester 

Maternal Protein 

Intake (g/kg3/d) 

Mean 

Birth 

Weight 

(kg) 

Mean  

Birth 

Weight 

Z-Score 

Model 14 Model 25 Model 36 Model 47 

Continuous 

(Per each 1SD 

(0.36g/kg/d) 

Increment) 

  -0.15 (-0.21, -0.10) -0.18 (-0.24, -0.12) -0.14 (-0.20, -0.07) -0.07 (-0.12, -0.02) 

Quartiles (Median 

Intake in g/kg/d) 

      

1 (0.92) 3.6 0.78 Ref Ref Ref Ref 

2 (1.21) 3.5 0.57 -0.20 (-0.38, -0.03) -0.26 (-0.43, -0.09) -0.24 (-0.41, -0.08) -0.16 (-0.29, -0.03) 

3 (1.44) 3.5 0.52 -0.25 (-0.42, -0.08) -0.31 (-0.48, -0.14) -0.23 (-0.39, -0.06) -0.07 (-0.20, 0.07) 

4 (1.77) 3.5 0.42 -0.36 (-0.53, -0.19) -0.42 (-0.59, -0.25) -0.31 (-0.49, -0.14) -0.18 (-0.31, -0.04) 

1
0
7
 



108 
 

 

 

Chapter 5: Manuscript #2 

Associations of Maternal Protein Intake during Pregnancy with IGF-I, IGF-II, 

IGFBP-3, and Insulin Levels in Cord Blood 

 

Karen M. Switkowski, Paul F. Jacques, Aviva Must, Marie-France Hivert, Abby Fleisch, 

Matthew W. Gillman, and Emily Oken 

 

Author Affiliations 

 

Friedman School of Nutrition Science and Policy, Tufts University, Boston, MA, USA 

(KMS, PFJ) 

 

Jean Mayer–USDA Human Nutrition Research Center on Aging, Tufts University, 

Boston, MA, USA (PFJ) 

 

Department of Public Health and Community Medicine, School of Medicine, Tufts 

University, Boston, MA, USA (AM) 

 

Obesity Prevention Program, Department of Population Medicine, Harvard Medical 

School and Harvard Pilgrim Health Care Institute, Boston, MA (KMS, MFH, AF, MWG 

and EO)  

 

Boston Children’s Hospital, Boston, MA (AF) 

 

Department of Nutrition, Harvard School of Public Health, Boston, MA (EO) 

 

Author last names: Switkowski, Jacques, Must, Hivert, Fleisch, Gillman, Oken 

 

 

Address correspondence to: 

 

Karen M. Switkowski 

Department of Population Medicine 

Harvard Medical School and the Harvard Pilgrim Health Care Institute 

Landmark Center 

401 Park Drive, Suite 401 

Boston, MA 02215 

Phone: 617-509-9218         Fax: 617-509-9853         E-mail: karen_switkowski@hphc.org 

 

Address reprint requests to: 

 

KM Switkowski, Department of Population Medicine, Harvard Medical School and the 

Harvard Pilgrim Health Care Institute, Landmark Center, 401 Park Drive, Suite 401, 

Boston, MA 02215 karen_switkowski@hphc.org 

mailto:karen_switkowski@hphc.org
mailto:karen_switkowski@hphc.org


109 
 

 

 

Supported by the US National Institutes of Health (grant R37 HD034568-09). Dr. Oken 

was supported by K24 HD069408 and P30 DK092924.   

   

Running head: Maternal protein intake and cord blood hormones 

 

Abbreviations: 

 

EAR   Estimated Average Requirement 

FFQ  Food Frequency Questionnaire 

GWG  Gestational Weight Gain 

IGF  Insulin-like Growth Factor 

IGFBP  Insulin-like Growth Factor Binding Protein 

IUGR   Intrauterine Growth Restriction 

LGA  Large-for-Gestational Age 

LMP  Last Menstrual Period 

OB  Obstetric 

RA  Research Assistant 
 

Clinical trial registry information: Project Viva is registered at clinicaltrials.gov as 

NCT02820402  
 



110 
 

 

 

Abstract  

Background: Prenatal exposure to dietary protein may program growth-regulating 

hormones, consequently influencing early life growth patterns and risk of associated 

chronic diseases in later life. The insulin-like growth factor (IGF) system is of particular 

interest in this context given its influence on pre-and postnatal growth as well as its 

sensitivity to the early nutritional environment. 

Objective: Our objective was to examine associations of maternal protein intake during 

pregnancy with cord blood levels of IGF-I, IGF-II, IGFBP-3 and insulin. 

Design: We studied 938 mother-child pairs in Project Viva. Using multivariable linear 

regression models adjusted for maternal race/ethnicity, education, income, smoking, 

parity, height and gestational weight gain, and child sex, we examined associations of 

2nd-trimester maternal protein intake (g/kg pre-pregnancy weight/d) reported by food 

frequency questionnaire with IGF-I, IGF-II, IGFBP-3 and insulin levels in cord blood. 

We also examined how these associations may differ by child sex and parity. 

Results: Mothers were predominantly white (71%), college-educated (64%), and non-

smokers (67%). Mean (SD) protein intake was 1.35 (0.35) g/kg/d. Each 1-SD (0.35 

g/kg/d) increment in 2nd-trimester protein intake corresponded to a change of -0.50  

(-2.26, 1.26) ng/mL in IGF-I, -11.5 (-18.6, -4.49) ng/mL in IGF-II, -33.9 (-57.4, -10.4) 

ng/mL in IGFBP-3 and -0.91 (-1.45, -0.37) uU/mL in insulin. After further adjustment for 

IGFBP-3, estimates (95% CIs) were 1.19 (-0.13, 2.51) for IGF-I and -4.51 (-9.66, 0.63) 

for IGF-II. Associations of protein intake with IGF-II were stronger in girls (p for 

interaction=0.05) and multiparous mothers (p for interaction=0.03), and associations with 

IGFBP-3 were also stronger in multiparous mothers (p for interaction=0.04).  
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Conclusions: In a cohort of pregnant women with relatively high average protein intakes, 

higher intake was associated with lower concentrations of growth-promoting hormones in 

cord blood, suggesting a pathway linking high protein intake to lower fetal growth. 
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Background 

Evidence from both animal and epidemiologic studies suggests that prenatal nutritional 

exposures may program growth-regulating hormones, early life growth patterns, and, 

consequently, risk of associated chronic diseases in later life. The insulin-like growth 

factor (IGF) system is of particular interest in this context due to its major influence on 

growth during gestation, (1-3) infancy (4, 5) and childhood (6) as well as its sensitivity to 

the early nutritional environment. (5, 7-9) 

 

The two ligands of the IGF system, IGF-I and IGF-II, are both expressed in the fetal 

bloodstream and tissues throughout gestation and stimulate fetal and placental growth in 

response to nutrient availability. IGF-I is directly correlated with birth weight, and levels 

are higher in large-for-gestational age (LGA) newborns. (7, 10) IGF-II is thought to be 

the primary regulator of placental growth and nutrient transfer as well as embryonic 

growth. (7, 8)  

 

In contrast to the later postnatal period, when IGF-I is regulated by growth hormone, fetal 

and infant IGF-I levels respond directly to the nutritional environment, partially via 

regulation by insulin. In utero, IGF-I levels decrease when nutrient supply is restricted 

and increase in response to insulin, which signals adequate availability of nutrients. (1, 7, 

8) Postnatally, protein intake in particular appears to play a major role in determining 

IGF-I levels, and consequently, growth patterns in infancy and childhood. (11, 12) 

Multiple studies have found that non-breastfed infants, who consume higher amounts of 

protein than breastfed infants, have higher IGF-I levels in infancy, (4, 5, 9, 12-15) and in 
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two separate randomized trials, infants receiving formula with a higher protein content 

had higher IGF-I levels than infants fed a lower-protein formula. (13, 14) One of these 

trials found sex-specific effects, with stronger associations of a high-protein diet with 

IGF-axis parameters among girls. (16)  

 

Associations of maternal protein intake with hormones that regulate growth in utero have 

received little attention. Additionally, most of the literature examining postnatal 

nutritional influences on growth-promoting hormones has focused on IGF-I, but other 

hormones may be equally as or more important in mediating the relationship between 

maternal nutrition and fetal growth. In addition to IGF-II, the IGF binding proteins 

(IGFBPs), which limit the bioactivity of IGFs and possibly have independent effects on 

fetal growth, (4, 9, 10) may also respond to nutritional status. Insulin, structurally similar 

to IGF-I, (15) is an important independent regulator of fetal growth and stimulates release 

of IGF-I and IFG-II in response to availability of glucose, a signal of maternal nutritional 

status (17, 18). Finally, the effect of maternal nutrition on fetal hormones may be 

modified by other factors such as child sex and/or parity. Our primary objective in this 

study was to examine associations of maternal protein intake during pregnancy with cord 

blood levels of IGF-I, IGF-II, IGFBP-3 and insulin in a well-characterized prospective 

cohort of mother-child pairs. To better elucidate the role of maternal nutrition, we 

examined total protein intake as well as different sources of protein, specifically intake of 

animal protein, plant protein, milk, and dairy products. Evaluation of the relationships 

between protein intake during pregnancy and cord blood levels of IGF system hormones 
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will contribute to understanding the pathway by which maternal nutrition influences fetal 

growth. 

 

Methods 

Subjects 

We studied mother-child pairs enrolled in Project Viva, a prospective cohort study 

examining pre- and perinatal factors in relation to pregnancy and child health outcomes. 

We recruited women during 1999-2002 at their initial obstetric (OB) appointment from 

eight offices of Atrius Health, a large multi-specialty group practice in eastern 

Massachusetts. Exclusion criteria included multiple gestation, inability to answer 

questions in English, gestational age greater than 22 weeks at the time of the initial OB 

appointment, and plans to move out of the local area before delivery. Women who agreed 

to participate (65% of those eligible) and provided informed consent completed the 1st 

study visit following their OB appointment. They ranged from 4.8 to 23.7 weeks 

gestation (mean 10.5 weeks) at this 1st visit. The 2nd study visit was completed at 26-28 

weeks for most women, and the 3rd study visit was completed at the hospital 1-3 days 

after delivery. Clinicians collected cord blood via syringe from infants delivered at one of 

the two main delivery hospitals. Detailed recruitment and retention procedures have been 

described previously. (19) Institutional Review Boards of participating institutions 

approved the study protocols, and participants provided written informed consent. 

 

The Project Viva cohort consists of the 2,128 women who delivered a live infant and 

their children. For this analysis, we included 938 mother-child pairs with available data 
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from the 2nd trimester of pregnancy and cord blood hormone levels. Mean maternal 2nd-

trimester protein intake was similar in included and excluded participants (1.35 and 1.36 

g/kg/d, respectively). There was no difference in maternal education level, parity, 

smoking history, pre-pregnancy BMI, age at enrollment, gestational weight gain, 

household income, or child sex between included and excluded participants. Maternal 

race/ethnicity was somewhat different between the two groups (p<0.001), with a higher 

proportion of white mothers in the included group (71% vs. 62% in the excluded group) 

Mean gestational age at birth was slightly higher among included participants (39.7 

weeks vs. 39.3 weeks, p <0.0001).  

 

Measurements 

Exposure: Protein Intake 

We derived data on maternal protein intake (total and from plant and animal sources) 

from self-administered semi-quantitative Food Frequency Questionnaires (FFQs) that 

mothers completed during the 1st and 2nd study visits. The 166-item FFQ used in Project 

Viva was based on instruments validated in other cohorts, including the Nurses’ Health 

Study, (20) and modified for use in pregnancy. (21) The reference time period for the 1st 

FFQ, administered at enrollment, was the time since the last menstrual period (LMP). 

The reference period for the 2nd FFQ, administered at 26-28 weeks gestation, was the past 

three months (roughly corresponding to the 2nd trimester). Using the Harvard nutrient 

composition database, which includes food composition values from the US Department 

of Agriculture and is supplemented by other sources, we calculated protein intakes by 

multiplying a weight assigned to the reported frequency of intake of each protein-
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containing food by the protein content for the specified portion size. (22) To address 

potential measurement error often attributed to use of FFQs in assessing dietary intake, 

we adjusted individual nutrient estimates for total energy intake using the nutrient 

residual method. (23) Adjustment for total energy intake has been shown to reduce the 

impact of measurement error inherent in use of FFQs for protein intake specifically. (24) 

 

The Estimated Average Requirement (EAR), or median nutrient requirement for a given 

life stage and gender group, is based on individual pre-pregnancy weight. Therefore, we 

calculated 1st- and 2nd-trimester protein intakes per kg of pre-pregnancy body weight 

using energy-adjusted protein intakes and self-reported pre-pregnancy weights, which 

have been previously validated in this cohort. (25) Plots of the association of quantiles of 

protein intake (in g/d and g/kg of pre-pregnancy weight/d) with cord blood hormone 

levels revealed a more linear relationship when protein intake was adjusted for pre-

pregnancy weight. This weight-adjusted variable was used in all analyses.  

 

Mothers reported skim, 1 or 2%, and whole milk intake on the FFQ using 8 categories 

ranging from never/< once/month to 4+ glasses/day. We coded milk intake into an 8-

category variable indicating servings/day of each type of milk, with the value for each 

category set to the average within each FFQ category (e.g. 2-4 glasses/week coded as 3 

glasses/week or 0.43 glasses/day). Since we were interested specifically in protein rather 

than other components of milk, and the various types of milk have similar protein 

content, (26) we added the values for the 3 types of milk (skim, 1 or 2% and whole) to 

create a single variable for number of milk servings/day. For intake of dairy products, we 



117 
 

 

 

added the number of daily milk servings to the number of servings of other dairy 

products (e.g. cheese, yogurt) to create a single variable indicating the number of daily 

servings of all dairy products, including milk. 

 

Outcomes: Cord Blood Hormone Levels 

Our primary outcomes were umbilical cord plasma concentrations of IGF-I, IGF-II, 

IGFBP-3 and insulin. We collected cord blood samples from the umbilical vein after 

delivery. Whole blood samples were refrigerated for <24 hours, then spun and aliquoted 

for storage in liquid nitrogen. (27) We measured insulin (competitive 

electrochemiluminescence immunoassay, Roche Diagnostics, Indianapolis, IN), IGF-I 

and IGFBP-3 (ELISA, R&D Systems, Minneapolis, MN) and IGF-II (ELISA, Alpco 

Diagnostics, Salem, NH). Day-to-day variability for each of these assays was below 10%.   

 

Covariates 

At the initial prenatal visit (median 9.9 weeks gestation), mothers self-reported their 

education level, smoking history, height, race/ethnicity, parity, household income, age, 

pre-pregnancy weight, and the height of the baby’s biological father (paternal height). We 

obtained child sex from an interview conducted at the delivery visit. All data collection 

instruments used in Project Viva are publicly available at 

https://www.hms.harvard.edu/viva/. We extracted serial prenatal weights from medical 

records and gestational weight gain (GWG) to 26 weeks (182 days) of gestation. We 

calculated GWG up to 91 days gestation (1st trimester GWG) and from 91-182 days 

https://www.hms.harvard.edu/viva/
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gestation (2nd trimester GWG), (28) but did not adjust for 3rd trimester or total GWG 

since both might be affected by 2nd-trimester diet.  

 

Statistical Analysis 

We analyzed data using sequential multivariable linear regression models adjusted for: 1) 

maternal race/ethnicity, parity, height, and child sex; 2) maternal education, household 

income at enrollment, maternal smoking, and 1st- and 2nd-trimester GWG; 3) IGFBP-3, 

for models examining IGF-I or IGF-II was the outcome; and 4) total protein, when 

animal or plant protein was the main predictor. All models met standard assumptions for 

linear regression. Given interactions between other exposures and child sex when 

examining associations with cord blood hormones in our cohort, as well as evidence in 

the literature that associations between infant protein intake and growth-related hormones 

may differ by sex, (16, 29) we decided a priori to look for protein by sex interactions and 

examine models separately for males and females in addition to looking at overall effects. 

We also examined protein by parity interactions, based on evidence that levels of growth-

promoting hormones in cord blood as well as relationships of these hormones with birth 

size may differ in primiparous vs. multiparous pregnancies. (2)  

 

Statistical models containing only one macronutrient and adjusted for total energy intake 

do not isolate the effect of the nutrient included in the model, since an increase in one 

macronutrient is accompanied by a decrease in one or both of the other two 

macronutrients. We performed a sensitivity analysis using macronutrient substitution 

models to determine whether the associations of increased protein intake with lower cord 
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blood hormone levels might be attributable to replacement of the other macronutrients 

with protein. (30) 

 

We examined protein intakes in the 1st and 2nd trimesters separately for our primary 

analysis of associations between maternal protein intake and cord blood hormone levels. 

Results were similar, but with slightly stronger regression coefficients for models using 

2nd-trimester protein. Because fetal growth occurs primarily during the 2nd and 3rd 

trimesters, we present results of analyses considering 2nd-trimester protein intake as the 

primary exposure and include results for 1st-trimester intake in a supplemental table.  We 

categorized protein in quartiles, and because associations were reasonably incremental 

across quartiles, we also examined protein intake as a continuous exposure and modeled 

the effect per 1SD increment (0.35g/kg/d for 2nd-trimester intake).  

 

We used multiple imputation to impute missing covariate data. We generated 50 imputed 

data sets using chained imputation (31) and combined estimates using Rubin’s rules. (32) 

We present results from the imputed analysis throughout the manuscript unless otherwise 

indicated. All 2,128 participants were used in generating the imputed dataset, but only the 

938 participant pairs with 2nd trimester and cord blood hormone data were included in the 

analysis. We used hypothesis-driven models to look for trends and consistency of results 

across methods, and we interpreted all results in the context of our pre-specified 

hypothesis. We performed all analyses using SAS version 9.3 (SAS Institute, Cary NC). 
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Results 

Table 1 shows characteristics of the study population and bivariate associations of 

maternal and infant characteristics with 2nd-trimester protein intake and cord blood 

hormone levels. The mothers included in this study were predominantly White (71%), 

college-educated (64%), and never smoked (67%), and 54% were multiparous. Mean 

(SD) 2nd-trimester protein intake was 1.35 (0.35) g/kg per d. Protein intake was 

associated with socio-demographic factors (maternal education, race/ethnicity, and 

household income), maternal smoking history, pre-pregnancy BMI, GWG, parity and 

height, and infant birth weight z-score. Female infants had higher cord blood levels of 

IGF-I, IGF-II, IGFBP-3, and insulin, and among both sexes, levels of all hormones 

increased with higher birth weight-for-gestational age z-score. IGF-I was directly 

associated with birth length and maternal height. IGF-II levels increased with greater 

GWG. Insulin levels increased along with maternal pre-pregnancy BMI and GWG, 

decreased with increasing gestational age at birth, and were higher in cord blood of 

infants with Asian, Black, or Other race/ethnicity mothers and mothers with gestational 

diabetes. Infants born to multiparous mothers had higher levels IGF-I, IGFBP-3, and 

insulin. IGF-I, IGF-II and IGFBP-3 levels were lowest in infants of mothers with a pre-

pregnancy BMI in the normal range, and IGF-I levels were lowest in infants of mothers 

who smoked during pregnancy.  

 

All cord blood hormones were positively correlated with each other, with the strongest 

correlations seen between IGFBP-3 and both IGF-I (Spearman r=0.65) and IGF-II 

(Spearman r=0.65). IGF-I was moderately correlated with IGF-II (Spearman r=0.28) and 
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insulin (Spearman r=0.39). Correlations among all hormones were reported previously in 

a similar subset of the Project Viva cohort. (33)  

 

In multivariable regression models adjusted for maternal race/ethnicity, parity, height and 

child sex, each 1-SD (0.35 g/kg/d) increase in 2nd-trimester total protein intake 

corresponded to changes of  -9.99 ng/mL (95% CI: -16.7, -3.25) in IGF-II, -27.6 ng/mL 

(95% CI: -50.0, -5.11) in IGFBP-3, and -0.73 uU/mL (95% CI: -1.25, -0.21) in insulin 

levels in cord blood. These associations were strengthened after further adjustment for 

maternal education, household income at enrollment, maternal smoking, and GWG 

through the 2nd trimester: β: -11.5 (95% CI: -18.6, -4.49) for IGF-II; β: -33.9 (95% CI:  

-57.4, -10.4) for IGFBP-3; and β: -0.91 (95% CI: -1.45, -0.37) for insulin. We further 

adjusted the model predicting IGF-II for IGFBP-3, which changed the estimate: β: -4.51, 

95% CI: -9.66, 0.63. There was no evidence for an association of 2nd trimester protein 

intake with IGF-I in any of the models (Table 2). We saw very similar associations of 1st-

trimester total protein intake and cord blood hormone levels (Supplemental Table 1). 

 

We were interested in whether associations with cord blood hormone levels were derived 

from total protein or specific types of protein, i.e. protein from animal or plant sources, 

dairy foods, or milk. Therefore we repeated all analyses using 2nd-trimester maternal 

intake of each of the following dietary components as the main predictor: animal protein 

(g/kg/d), plant protein (g/kg/d), milk (servings/d), and all dairy products (servings/d). 

Results for associations of animal and plant protein with cord blood hormone levels were 

very similar to those for total protein (Table 2). We did not find any evidence for 
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associations of milk or total dairy product intake with any of the cord blood hormones 

studied (Supplemental Table 2). 

 

Figure 1 displays the interaction between 2nd-trimester protein intake (examined in 

quartiles) and child sex. In models adjusted for all covariates (maternal race/ethnicity, 

parity, height, education, smoking status, household income, and 1st- and 2nd-trimester 

GWG), female babies whose mothers were in the 3rd and 4th quartiles (vs. 1st quartile) of 

protein intake had greater reductions in IGF-II (p for interaction = 0.05) than male babies. 

We found an inverse association between maternal protein intake and cord blood IGFBP-

3 among female babies only, but the interaction was not statistically significant (p=0.31). 

There was no association with IGF-I in either males or females, and the results for insulin 

were similar in both sexes. We also examined these stratified models with protein intake 

as a continuous variable and found similar results (data not shown). 

 

We also explored the interaction of quartile of 2nd-trimester protein intake with parity 

(Figure 2). Babies born to multiparous women who were in the 3rd and 4th quartiles of 

protein intake had greater reductions in both IGF-II (p for interaction = 0.03) and IGFBP-

3 (p for interaction = 0.04) compared to the first quartile of intake than babies born to 

nulliparous women. There were no associations with IGF-I in either group and 

associations with insulin levels were similar in nulliparous and multiparous pregnancies. 

 

When we included total 2nd-trimester fat or carbohydrate intake (g/d) in the models 

adjusted for all other covariates except IGFBP-3, the effect of increasing protein intake 
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(while holding constant carbohydrate or fat, respectively), was similar to that observed 

when protein was examined without adjustment for other macronutrients. The only model 

in which the β coefficient changed by >10% was that predicting insulin levels adjusted 

for carbohydrate intake (Table 3). When we examined the fully adjusted models with 

additional adjustment for 1st-trimester protein intake (g/kg/d), the associations of 2nd-

trimester protein intake with cord blood hormone were in the same direction but 

attenuated, likely due to high collinearity between 1st- and 2nd-trimester protein intakes 

(Spearman r=0.8) (data not shown).  

 

Discussion 

In this study of 938 mother-child pairs, maternal protein intake during the 2nd trimester of 

pregnancy was inversely associated with umbilical cord blood levels of several key 

growth-regulating hormones. The relationship with cord blood IGF-II is particularly 

interesting given its role in regulating placental growth and nutrient transfer, which in 

turn provides substrates for fetal growth. Child sex and parity modified the associations 

with some hormones. The associations observed appear to be driven by intake of total 

protein rather than protein from a specific source. 

 

There is an established direct association between protein intake in infancy and IGF-I 

levels, (4, 5, 9, 12, 16) yet our results suggest that maternal protein intake during 

pregnancy is inversely related to fetal levels of IGF axis hormones. Animal models of 

maternal nutrient restriction have shown that fetal production of IGF system hormones 

responds to maternal nutritional status, (34, 35) but apparent maternal over-nutrition has 
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been less well-studied, and generally in the context of maternal hyperglycemia. 

Ascertainment of fetal nutrient exposure is complicated because the maternal diet 

provides nutrients to the fetus indirectly via the placenta, so that higher maternal intake 

does not necessarily translate to higher fetal exposure. One potential explanation for our 

findings is that higher protein intake by the mother actually results in lower availability of 

amino acids to the fetus, which responds to this nutrient restriction with lower levels of 

growth-regulating hormones. Evidence from the animal literature suggests that placental 

nutrient transport capacity is affected by the content of the maternal diet, and that down-

regulation of placental amino acid transporters can impair fetal growth. (36-38) Studies in 

sheep, thought to be similar to humans in their placental transport and metabolism of 

amino acids, have demonstrated that simultaneous infusion of multiple amino acids 

results in competitive inhibition of umbilical uptake of some amino acids. (39) The 

inverse association that we observed between protein intake and IGF-II, thought to be 

involved in placental nutrient transfer, provides further support for this hypothesis. 

 

We found that maternal protein intake was associated with cord blood levels of IGF-II 

and IGFBP-3, but not IGF-I. Igf2 gene expression is more abundant than Igf1 expression 

in fetal tissues, fetal and cord blood levels of IGF-II are 3-10 times higher than levels of 

IGF-I, and over-expression of IGF-II results in fetal overgrowth. Taken together, this 

evidence suggests that IGF-II may be the primary IGF involved in fetal growth, with a 

shift to regulation of growth by IGF-I after birth. (7, 8) Although IGFBP-3 binds IGF-I 

and IGF-II, which limits their bioactivity, it does not have a clear independent role in 

fetal growth. (7, 17) Fetal IGF-I levels are thought to be regulated by fetal insulin in 
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response to availability of nutrients, yet we observed a negative association between 

maternal protein intake and cord blood insulin levels. Interestingly, a study comparing 

cord blood hormone levels in mono- and dizygotic twins and gestational age-matched 

non-sibling singleton pairs found that IGF-I levels in cord blood are predominantly 

regulated by genetics, whereas levels of IGF-II and another IGF binding protein, IGFBP-

1, are regulated by both environmental and genetic factors. (40) 

 

Given that the IGF system is a key regulator of fetal growth and is sensitive to nutritional 

status during gestation, it is plausible that it acts as a mediator of the associations between 

maternal protein intake during pregnancy and fetal growth observed in epidemiological 

studies. (41, 42) Based on our observations, we would expect to see evidence of reduced 

fetal growth in babies born to mothers with high protein intake during pregnancy, and in 

fact we have recently reported an inverse association of maternal 2nd-trimester protein 

intake with birth weight and length for gestational age, as well as linear growth during 

infancy and childhood in this cohort. (43) The reduction in cord blood levels of growth-

promoting hormones observed in the present study may reflect a pathway by which 

maternal protein intake and fetal amino acid supply influence fetal growth.  

 

Studies have identified associations of different protein sources, including animal protein, 

dairy products, and milk, with hormone levels and with growth. (44, 45) However, our 

results suggest that associations are driven by total protein and not protein from any 

specific source. Furthermore, adjustment of the multivariable models examining 2nd-

trimester total protein intake as the main exposure for the other macronutrients and 1st-
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trimester protein intake did not appreciably alter the results, increasing our confidence 

that the observed estimates are reflecting associations with increased total protein intake 

in the 2nd trimester, rather than with corresponding decreases in other macronutrients or 

lingering effects of earlier protein intake.  

 

Child sex modified the relationship between maternal protein intake and cord blood IGF-

II levels, with stronger associations observed in females. A few other studies have 

demonstrated interactions between material diet and offspring sex on growth parameters. 

One study in rats found that a maternal high-protein diet during pregnancy was associated 

with higher body weight and fat mass in female offspring only, (46) and another found 

sex-specific associations of high maternal protein intake with body weight and other 

cardio-metabolic parameters. (47) In the EU CHOP trial, higher-protein infant formula 

was more strongly associated with higher IGF-I levels and lower IGFBP-2 levels 

compared to lower-protein formula in female infants. (16) Additionally, in nearly the 

same subset of the Project Viva cohort, we observed sex-specific differences in 

associations of maternal gestational glycemia with cord blood levels of IGF-I, IGF-II, 

IGFBP-3, and insulin. (33) Interestingly, our previous study found that cord blood IGF-I 

levels were higher in female infants born to mothers with gestational diabetes, and IGF-

II, IGFBP-3, and insulin levels were higher in male infants born to gestational diabetic 

mothers, suggesting that males are more sensitive to hyperglycemia in utero. In contrast, 

our results indicate increased sensitivity to higher maternal protein intake in females, 

with a reduction rather than an increase in hormone levels. Maternal glycemic status is a 

more direct measure of fetal over-nutrition, as glucose is readily transported across the 
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placenta for use as a fetal energy source. (48) The discrepancy between the increase in 

cord blood hormone levels in response to hyperglycemia, which is specifically driven by 

metabolism of carbohydrates and fats to glucose, and our results showing a decrease in 

the same hormones as well as in measures of fetal growth in response to higher maternal 

protein intake (43) provides further evidence supporting the possibility that higher 

maternal protein intake may translate to relative restriction of availability of growth-

promoting nutrients to the fetus. 

 

We also observed stronger associations of maternal protein intake with IGF-II and 

IGFBP-3 levels in parous women. The explanation for this is unclear. One previous study 

found that associations of birth weight with cord blood IGF-I and IGF-II:IGF2R were 

stronger in multiparous pregnancies, and suggested that this may result from maternal 

restraint of fetal growth in first pregnancies overriding the contribution of other growth-

promoting factors. (2) Our results may reflect this proposed restriction of the fetal growth 

response to external factors, including maternal nutrition, in primiparous women.  

 

Our study has several strengths, including the large sample size, prospective and detailed 

assessment of maternal diet during pregnancy, and detailed measurement of many 

covariates. Limitations include availability of cord blood from about half of the cohort. 

As reported above, the subset included in this study was similar to the full Project Viva 

cohort in 2nd-trimester protein intake and distribution of covariates. Protein intake among 

mothers in Project Viva may be higher than in other populations of women of 

childbearing age. (49, 50) Our sample is not representative of pregnant women in the 
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general U.S. population and our results may not be generalizable to all populations of 

pregnant women. We measured maternal dietary intake using FFQs, which have some 

limitations in assessing nutritional exposures, but are good at ranking people. We have 

used several methods to mitigate measurement error in estimating absolute nutrient 

intakes, including examining protein intake both as a continuous and a categorical 

variable and adjusting all nutrient intake estimates for total energy intake. Finally, the 

fetal response to maternal nutrition may depend on the timing of alterations in nutritional 

status and we did not have data on maternal intake in late pregnancy, but results were 

similar for 1st and 2nd trimester intake. 

 

In conclusion, in a cohort of pregnant women with relatively high protein intake, we 

observed an inverse association of maternal protein intake during the 2nd trimester of 

pregnancy with cord blood levels of several hormones known to regulate fetal growth. 

Some associations were stronger in female babies and babies from multiparous 

pregnancies. Adequate nutrition and particularly protein intake is important for optimal 

fetal growth, yet our results suggest that fetal levels of growth-regulating hormones 

decrease in response to a high protein intake during pregnancy. 
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Table 5.1: 2nd-trimester protein intake and cord blood hormone levels by category of 

maternal and other characteristics in 938 Project Viva participants 

   Cord Blood Hormones 

  2
nd

-Trimester 

Protein Intake 

(g/kg/d) 

IGF-I 

(ng/mL) 

IGF-II 

(ng/mL) 

IGFBP-3 

(ng/mL) 

Insulin 

(uU/mL) 

 N Mean (SD) 

Overall 938 1.35 (0.35) 56.5 (24.4) 409 (92.8) 1084 (318) 6.62 (7.32) 

Maternal Characteristics % Mean (SD) 

Education 

< 4-year college degree 

≥ 4-year college degree 

P1 

 

36 

64 

 

1.24 (0.37) 

1.41 (0.33) 

<0.0001 

 

57.5 (24.3) 

55.9 (24.5) 

0.33 

 

404 (93) 

412 (93) 

0.22 

 

1086 (325) 

1084 (314) 

0.92 

 

6.69 (7.63) 

6.58 (7.15) 

0.83 

Race/Ethnicity 

White 

Asian 

Black 

Hispanic 

Other 

P 

 

71 

5 

14 

6 

4 

 

 

1.36 (0.33) 

1.65 (0.40) 

1.22 (0.38) 

1.26 (0.34) 

1.28 (0.37) 

<.0001 

 

56.9 (24.5) 

55.8 (25.0) 

56.1 (25.1) 

54.6 (22.6) 

53.8 (21.1) 

0.91 

 

412 (94) 

417 (90) 

398 (84) 

411 (89) 

381 (106) 

0.22 

 

1098 (321) 

1082 (324) 

1056 (329) 

1049 (240) 

983 (300) 

0.81 

 

6.08 (6.42) 

9.38 (14.0) 

7.92 (7.71) 

6.36 (5.06) 

8.56 (9.85) 

<0.01 

Annual household Income at 

Enrollment 

≤ $70,000 

> $70,000 

P 

 

 

42 

58 

 

 

1.28 (0.38) 

1.40 (0.34) 

<.0001 

 

 

55.5 (25.1) 

57.2 (24.5) 

0.29 

 

 

413 (96) 

406 (94) 

0.31 

 

 

1086 (335) 

1083 (316) 

0.90 

 

 

6.70 (6.28) 

6.56 (8.14) 

0.77 

Smoking History 

Never 

Before pregnancy 

During pregnancy 

P 

 

67 

20 

13 

 

1.37 (0.36) 

1.36 (0.31) 

1.23 (0.37) 

<0.001 

 

57.6 (24.3) 

56.8 (26.1) 

50.0 (21.2) 

<0.01 

 

410 (92) 

409 (101) 

405 (85) 

0.88 

 

1089 (310) 

1103 (362) 

1033 (282) 

0.14 

 

6.42 (5.78) 

6.91 (9.68) 

7.19 (10.2) 

0.48 

Age at Enrollment 

< 30 

30 - < 40 

≥ 40 

P 

 

31 

64 

5 

 

 

1.33 (0.37) 

1.36 (0.35) 

1.31 (0.27) 

0.32 

 

53.5 (23.7) 

58.2 (25.0) 

52.7 (16.5) 

0.02 

 

412 (92) 

409 (93) 

389 (92) 

0.34 

 

1064 (326) 

1098 (317) 

1026 (252) 

0.15 

 

6.04 (7.49) 

  6.96 (7.38) 

5.70 (4.53) 

0.15 

Pre-Pregnancy BMI (kg/m2) 

< 18.5 

18.5-24.9 

25.0-29.9 

≥ 30 

P 

 

4 

59 

22 

15 

 

1.74 (0.34) 

1.49 (0.29) 

1.18 (0.25) 

0.94 (0.24) 

<0.0001 

 

64.5 (27.3) 

54.8 (22.4) 

57.2 (26.4) 

59.7 (27.3) 

0.03 

 

427 (96) 

399 (89) 

425 (96) 

419 (98) 

<0.01 

 

1186 (350) 

1051 (294) 

1117 (341) 

1140 (346) 

<0.001 

 

4.58 (7.89) 

6.00 (6.88) 

7.43 (4.16) 

8.34 (7.53) 

<0.001 

Gestational Weight Gain 

Inadequate 

Adequate 

Excessive 

P 

 

13 

29 

58 

 

1.40 (0.38) 

1.42 (0.36) 

1.30 (0.34) 

<0.0001 

 

57.8 (25.8) 

55.7 (23.2) 

56.6 (25.0) 

0.73 

 

390 (82) 

403 (92) 

416 (96) 

0.01 

 

1036 (291) 

1070 (306) 

1102 (332) 

0.08 

 

5.67 (5.30) 

5.99 (5.11) 

7.14 (8.54) 

0.03 

Parity 

0 

≥1 

P 

 

46 

54 

 

 

1.39 (0.35) 

1.32 (0.36) 

<0.01 

 

48.5 (21.6) 

63.2 (24.6) 

<0.0001 

 

407 (94) 

410 (92) 

0.60 

 

1030 (289) 

1130 (333) 

<0.0001 

 

5.89 (5.78) 

7.23 (8.36) 

<0.01 
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1 Global (type 3) p-value testing for difference in outcome across categories of maternal 

and other characteristics 
 

 

 

 

 

  Cord Blood Hormones 

 

 
2

nd
-Trimester 

Protein Intake 

(g/kg/d) 

IGF-I 

(ng/mL) 

IGF-II 

(ng/mL) 

IGFBP-3 

(ng/mL) 

Insulin 

(uU/mL) 

 % Mean (SD) 

Maternal Height 

≤5’2” 

>5’2”-5’6” 

>5’6” 

P 

 

10 

61 

29 

 

1.54 (0.41) 

1.39 (0.35) 

1.21 (0.30) 

<0.0001 

 

51.0 (24.0) 

55.8 (24.0) 

59.7 (24.9) 

<0.01 

 

397 (89) 

408 (95) 

414 (88) 

0.30 

 

1029 (278) 

1080 (328) 

1111 (307) 

0.31 

 

7.52 (15.4) 

6.34 (5.62) 

6.92 (9.63) 

0.26 

Maternal Glucose Tolerance 

Normal 

Isolated Hyperglycemia 

IGT 

GDM 

P 

 

82 

9 

3 

6 

 

 

1.36 (0.35) 

1.31 (0.36) 

1.23 (0.30) 

1.29 (0.40) 

0.07 

 

55.9 (23.8) 

56.3 (23.2) 

60.9 (32.0) 

61.8 (29.5) 

0.24 

 

407 (92) 

406 (95) 

430 (118) 

432 (94) 

0.14 

 

1074 (312) 

1084 (307) 

1152 (391) 

1178 (370) 

0.07 

 

6.15 (6.65) 

8.06 (7.79) 

6.64 (5.46) 

10.7 (13.3) 

<0.0001 

Infant Characteristics 

Child Sex 

Male 

Female 

P 

 

52 

48 

 

1.33 (0.35) 

1.37 (0.37) 

0.09 

 

52.4 (22.9) 

60.9 (25.2) 

<0.0001 

 

402 (92) 

416 (93) 

0.02 

 

1027 (300) 

1147 (325) 

<0.0001 

 

6.29 (7.07) 

   6.98 (7.57) 

0.15 

Gestational Age at Birth 

(wk) 

<37 

37-42 

>42-43 

P 

 

5 

93 

2 

 

 

1.28 (0.42) 

1.35 (0.35) 

1.38 (0.34) 

0.37 

 

52.0 (22.1) 

56.9 (24.5) 

48.1 (19.8) 

0.17 

 

359 (108) 

412 (92) 

410 (74) 

<0.001 

 

1055 (329) 

1087 (318) 

1054 (278) 

0.75 

 

10.3 (11.0) 

6.44 (7.05) 

5.28 (5.22) 

<0.01 

Birth Length 

39.1-48.2 Q1 

48.3-49.7 Q2 

49.8-51.1 Q3 

51.2-56.1 Q4 

P 

 

22 

25 

26 

27 

 

1.36 (0.46) 

1.37 (0.43) 

1.36 (0.37) 

1.31 (0.35) 

0.44 

 

51.5 (26.3) 

55.0 (27.5) 

57.7 (29.0) 

60.6 (27.5) 

<0.01 

 

392 (99) 

413 (105) 

412 (102) 

416 (108) 

0.08 

 

1045 (362) 

1085 (381) 

1093 (338) 

1106 (348) 

0.34 

 

6.96 (11.8) 

6.48 (7.88) 

6.44 (6.67) 

6.65 (6.96) 

0.92 

Birth Weight-for-GA z-

score 

-2.58-0.51 Q1 

-0.48-0.14 Q2 

0.14-0.86 Q3 

0.90-2.58 Q4 

P 

 

23 

25 

26 

26 

 

 

1.38 (0.41) 

1.38 (0.37) 

1.36 (0.32) 

1.29 (0.33) 

0.01 

 

43.3 (19.8) 

53.8 (22.5) 

59.8 (22.6) 

67.1 (25.7) 

<0.0001 

 

393 (85) 

408 (93) 

406 (92) 

427 (97) 

<0.01 

 

967 (260) 

1056 (306) 

1110 (327) 

1188 (328) 

<0.0001 

 

4.99 (7.95) 

5.93 (5.87) 

7.06 (8.29) 

8.24 (6.63) 

<0.0001 



 
 

 

 

Table 5.2: Associations of 2nd-trimester maternal total, animal, and plant protein with cord blood hormone levels among 938 mother-

child pairs in Project Viva 

1 Adjusted for maternal race/ethnicity, parity, height, and child sex 

2 Model 1 + maternal education, household income at enrollment, maternal smoking, and GWG through 2nd trimester 

3 Model 2 + IGFBP-3 

4 Model 2 + 2nd trimester total protein intake (g/kg/d) 

2nd-Trimester Maternal Intake Model 11 Model 22 Model 33 Model 44 

 IGF-I (ng/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.35 g/kg/d) Increment 
-0.14 (-1.83, 1.54) -0.50 (-2.26, 1.26) 1.19 (-0.13, 2.51) --- 

Animal protein 

1-SD (0.30 g/kg/d) Increment 
-0.15 (-1.80, 1.51) -0.38 (-2.07, 1.31) 0.79 (-0.46, 2.05) 0.31 (-3.98, 4.61) 

Plant protein 

1-SD (0.13 g/kg/d) Increment 
-0.02 (-1.62, 1.58) -0.31 (-1.97, 1.36) 0.99 (-0.24, 2.22) -0.14 (-2.01, 1.72) 

 IGF-II (ng/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.35 g/kg/d) Increment 
-9.99 (-16.7, -3.25) -11.5 (-18.6, -4.49) -4.51 (-9.66, 0.63) --- 

Animal protein 

1-SD (0.30 g/kg/d) Increment 
-7.79 (-14.3, -1.26)  -8.47 (-15.2, -1.77) -3.55 (-8.44, 1.33) 9.46 (-7.71, 26.6) 

Plant protein 

1-SD (0.13 g/kg/d) Increment 
-6.22 (-12.7, 0.24) -7.59 (-14.3, -0.84) -2.15 (-7.11, 2.82) -3.83 (-11.3, 3.60) 

 IGFBP-3 (ng/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.35 g/kg/d) Increment 
-27.6 (-50.0, -5.11) -33.9 (-57.4, -10.4) --- --- 

Animal protein 

1-SD (0.30 g/kg/d) Increment 
-19.9 (-41.8, 2.08) -23.6 (-46.1, -1.18) --- 35.5 (-22.4, 93.4) 

Plant protein 

1-SD (0.13 g/kg/d) Increment 
-21.8 (-43.5, -0.14) -26.2 (-48.7, -3.56) --- -15.9 (-41.0, 9.26) 

 Insulin (uU/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.35 g/kg/d) Increment 
-0.73 (-1.25, -0.21) -0.91 (-1.45, -0.37) --- --- 

Animal protein 

1-SD (0.30 g/kg/d) Increment 
-0.57 (-1.08, -0.07) -0.69 (-1.21, -0.18) --- 0.59 (-0.71, 1.90) 

Plant protein 

1-SD (0.13 g/kg/d) Increment 
-0.48 (-0.98, 0.01) -0.59 (-1.11, -0.07) --- -0.29 (-0.86, 0.28) 

1
4
1
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Table 5.3: Associations of 2nd-trimester maternal protein intake with cord blood 

hormones levels among 938 mother-child pairs in Project Viva, adjusted for other 

macronutrients  

1 Adjusted for maternal race/ethnicity, parity, height, and child sex, maternal education, 

household income at enrollment, maternal smoking, and GWG through 2nd trimester 

2 Model 1 + 2nd-trimester total fat intake (g/d)  

3 Model 1 + 2nd-trimester carbohydrate intake (g/d) 

  

2nd-Trimester Maternal 

Intake 

Model 11 Model 22 Model 33 

 IGF-I (ng/mL) (β, 95% C.I.) 

Protein 

1-SD (0.35 g/kg/d) Increment 

-0.50 (-2.26, 1.26) -0.46 (-2.22, 1.30) -0.36 (-2.20, 1.47) 

 IGF-II (ng/mL) (β, 95% C.I.) 

Protein 

1-SD (0.35 g/kg/d) Increment 

-11.5 (-18.6, -4.49) -11.2 (-18.2, -4.09) -10.4 (-17.8, -3.04) 

 IGFBP-3 (ng/mL) (β, 95% C.I.) 

Protein 

1-SD (0.35 g/kg/d) Increment 

-33.9 (-57.4, -10.4) -33.2 (-56.7, -9.74) -33.2 (-57.7, -8.69) 

 Insulin (uU/mL) (β, 95% C.I.) 

Protein 

1-SD (0.35 g/kg/d) Increment 

-0.91 (-1.45, -0.37) -0.93 (-1.48, -0.39) -1.13 (-1.70, -0.56) 
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Figure 5.1 Legend 

Points are difference in hormone levels for each quartile of 2nd-trimester maternal protein 

intake compared to the bottom quartile, among boys and girls, with 95% confidence 

intervals indicated by error bars. From multivariable linear regression models adjusted for 

maternal race/ethnicity, parity, height, education, smoking status, gestational weight gain 

and household income.  P value is for protein quartile x sex interaction, with protein 

quartile included as an ordinal variable, adjusted for covariates. Includes 938 mother-

child pairs (488 males, 450 females).  

 

Figure 5.2 Legend 

Points are difference in hormone levels for each quartile of 2nd-trimester maternal 

protein intake compared to the bottom quartile, among parous and nulliparous mothers, 

with 95% confidence intervals indicated by error bars. From multivariable linear 

regression models adjusted for maternal race/ethnicity, height, education, smoking status, 

gestational weight gain, household income and child sex.  P value is for protein quartile x 

parity interaction, with protein quartile included as an ordinal variable, adjusted for 

covariates. Includes 938 mother-child pairs (431 nulliparous, 507 multiparous). 
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Online Supplemental Material 

Supplemental Table S5.1: Associations of 1st-trimester maternal total, animal, and plant 

protein with cord blood hormone levels among 938 mother-child pairs in Project Viva 
1st-Trimester 

Maternal Intake 
Model 11 Model 22 Model 33 Model 44 

IGF-I (ng/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.36 g/kg/d) 

Increment 

-0.13 (-1.76, 1.49) -0.24 (-1.90, 1.42) 0.98 (-0.27, 2.22) --- 

Animal protein 

1-SD (0.31 g/kg/d) 

Increment 

0.25 (-1.33, 1.83) 0.24 (-1.35, 1.82) 0.88 (-0.31, 2.06) 2.87 (-1.21, 6.95) 

Plant protein 

1-SD (0.14 g/kg/d) 

Increment 

-0.83 (-2.44, 0.77) -1.14 (-2.81, 0.53) 0.36 (-0.91, 1.63) -1.26 (-3.11, 0.60) 

IGF-II (ng/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.36 g/kg/d) 

Increment 

-7.10 (-13.7, -0.48) -7.63 (-14.4, -0.83) -2.52 (-7.50, 2.47) --- 

Animal protein 

1-SD (0.31 g/kg/d) 

Increment 

-3.59 (-10.0, 2.84)  -3.57 (-10.0, 2.91) -0.88 (-5.61, 3.86) 19.6 (3.08, 36.1) 

Plant protein 

1-SD (0.14 g/kg/d) 

Increment 

-8.91 (-15.4, -2.42) -10.3 (-17.1, -3.47) -3.97 (-8.97, 1.03) 
-8.61 (-16.1, -

1.09) 

IGFBP-3 (ng/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.36 g/kg/d) 

Increment 

-23.4 (-45.2, -1.62) -24.5 (-46.9, -2.13) --- --- 

Animal protein 

1-SD (0.31 g/kg/d) 

Increment 

-13.0 (-34.1, 8.10) -12.9 (-34.2, 8.41) --- 53.9 (0.10, 108) 

Plant protein 

1-SD (0.14 g/kg/d) 

Increment 

-27.3 (-48.5, -6.12) -30.3 (-52.5, -8.19) --- -24.5 (-48.9, 0.02) 

Insulin (uU/mL) (β, 95% C.I.) 

Total Protein 

1-SD (0.36 g/kg/d) 

Increment 

-0.63 (-1.14, -0.12) -0.74 (-1.26, -0.21) --- --- 

Animal protein 

1-SD (0.31 g/kg/d) 

Increment 

-0.45 (-0.95, 0.04) -0.52 (-1.02, -0.02) --- 0.77 (-0.50, 2.03) 

Plant protein 

1-SD (0.14 g/kg/d) 

Increment 

-0.51 (-1.01, -0.01) -0.60 (-1.13, -0.08) --- -0.36 (-0.94, 0.21) 

1 Adjusted for maternal race/ethnicity, parity, height, and child sex 

2 Model 1 + maternal education, household income at enrollment, maternal smoking, and 1st-

trimester GWG 

3 Model 2 + IGFBP-3 

4 Model 2 + 1st-trimester total protein intake (g/kg/d) 
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Table S5.2: Associations of 2nd-trimester maternal milk and dairy intake with cord blood 

hormone levels among 938 mother-child pairs in Project Viva 

2nd-Trimester 

Maternal Intake 
Model 11 Model 22 Model 33 Model 44 

 IGF-I (ng/mL) (β, 95% C.I.) 

Milk (servings/d) 1.06 (-0.38, 2.50) 0.96 (-0.48, 2.40) 0.75 (-0.34, 1.85) 1.07 (-0.39, 2.53) 

Dairy products 

(servings/d) 
0.36 (-0.67, 1.39) 0.41 (-0.62, 1.44) 0.32 (-0.46, 1.11) 0.45 (-0.58, 1.48) 

 IGF-II (ng/mL) (β, 95% C.I.) 

Milk (servings/d) 1.04 (-5.12, 7.20) 0.59 (-5.59, 6.77) -0.31 (-4.89, 4.27) 2.29 (-3.95, 8.52) 

Dairy products 

(servings/d) 
-0.58 (-5.03, 3.86) -0.74 (-5.18, 3.69) -1.12 (-4.32, 2.09) -0.09 (-4.51, 4.34) 

 IGFBP-3 (ng/mL) (β, 95% C.I.) 

Milk (servings/d) 6.09 (-13.2, 25.4) 4.32 (-15.0, 23.7) --- 9.40 (-10.1, 28.9) 

Dairy products 

(servings/d) 
1.94 (-12.0, 15.9) 1.79 (-12.2, 15.7) --- 3.77 (-10.1, 17.7) 

 Insulin (uU/mL) (β, 95% C.I.) 

Milk (servings/d) -0.14 (-0.60, 0.32) -0.12 (-0.58, 0.35) --- 0.01 (-0.46, 0.48) 

Dairy products 

(servings/d) 
-0.11 (-0.44, 0.22) -0.14 (-0.47, 0.19) --- -0.09 (-0.42, 0.24) 

1 Adjusted for maternal race/ethnicity, parity, height, and child sex 

2 Model 1 + maternal education, household income at enrollment, maternal smoking, and GWG 

through 2nd trimester 

3 Model 2 + IGFBP-3 

4 Model 2 + total protein intake (g/kg/d) 
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Abstract  

Background: Early protein intake may program later adiposity development and height 

growth, perhaps mediated by IGF-I. In infancy, higher protein intake, typical of 

commercial formulas, has consistently been associated with higher IGF-I levels and more 

rapid growth compared with intake of breast milk or lower protein formula. Associations 

of protein intake after infancy with later growth and IGF-I are less clear due to 

inconsistent findings.  

Objective: Our objective was to examine associations of protein intake in early 

childhood (~3y) with height, IGF-I levels, and measures of adiposity in mid-childhood 

(~8y). We aimed to test the hypothesis that protein intake in early childhood programs 

later growth. 

Design: We studied 1058 children in the Boston-area Project Viva cohort. Mothers 

reported children’s diet using food frequency questionnaires. We adjusted protein intake 

for total energy and weight using residuals and categorized protein intake in g/d into 

quartiles. Using multivariable linear regression models adjusted for race/ethnicity, sex, 

family SES, parental and birth anthropometrics, breastfeeding status and certain mid-

childhood behaviors, we examined associations of early childhood protein intake with 

mid-childhood adiposity (BMI z-score, sum of subscapular and triceps (SS+TR) 

skinfolds and dual X-ray absorptiometry (DXA) fat mass), height z-score and IGF-I 

levels.  

Results: The children were predominantly white (66%) and 70% had mothers with a 

college degree. Mean protein intake in early childhood was 58.2 g/d (3.78 g/kg/d), well 

above the U.S. recommendation of 13 g/d (1.1 g/kg/d) for ages 1-3y. There were no clear 
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associations between protein intake in early childhood and adiposity, height, or IGF-I 

levels in mid-childhood in the overall sample or in separate analyses of boys and girls.  In 

fully adjusted models, the βs (95% CIs) representing the difference in outcome 

corresponding to the highest vs. lowest quartile of protein intake were: 0.13 (-0.05, 0.30) 

for BMI z-score; 0.02 (-1.66, 1.69) for SS+TR skinfolds (mm); -0.04 (-0.72, 0.63) for 

DXA fat mass (kg); 0.05 (-0.11, 0.21) for height z-score; and -5.30 (-29.6, 19.0) for IGF-I 

(ng/mL). 

Conclusions: Our results do not support a role for early childhood protein intake in 

programming later adiposity development or height growth in a sample of children with 

relatively high protein intake.
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Introduction 

 

Childhood obesity and associated metabolic dysfunction are major worldwide public 

health problems, and early growth patterns have been identified as markers of obesity risk 

in developed countries. (1) The ‘growth acceleration hypothesis’ proposed by Singhal 

and Lucas postulates that an accelerated rate of growth during critical periods, including 

childhood, may program adverse metabolic characteristics and risk of cardiovascular 

disease. This hypothesis provides a proposed pathway underlying the observed 

associations of early nutrition with growth and future risk of chronic disease. (2)  

 

The related “early protein hypothesis” attributes accelerated weight gain in the first two 

years of life to higher protein intake specifically, with possible mediation by insulin-like 

growth factor I (IGF-I). (3) IGF-I is very sensitive to changes in nitrogen balance, (4) and 

secretion may be regulated by changes in the concentration of certain classes of amino 

acids both directly and via insulin- dependent pathways. (5) Infant formula has a higher 

protein-to-fat ratio than does breast milk, (6) and multiple observational studies have 

found that non-breastfed infants have higher IGF-I levels in early infancy (7–13) and 

subsequent indicators of more rapid growth. (13) Additionally, in a randomized trial 

comparing healthy European infants fed high- and low-protein infant formulas, infants 

receiving formula with higher protein content had higher IGF-I levels, weight and BMI at 

6mo than infants fed the lower-protein formula, (10,14) and follow-up at 6y in one of 

these trials found that the high-protein formula group had higher BMI and risk of obesity. 
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(3) Whether effects on IGF-I levels are transient or result in long-term programming of 

the IGF axis remains unclear.  

 

High protein intake and an associated rise in IGF-I may accelerate early linear growth, 

resulting in an earlier adiposity rebound and higher accumulated adiposity in later 

childhood and into adolescence and adulthood. (15) However, few studies have examined 

associations of protein intake beyond the introduction of complementary feeding with 

growth markers in later childhood, and the available results are inconsistent.  

 

Thus, relationships between diet, hormones, and early growth are complex and not fully 

understood. Additionally, previous studies have examined associations of protein intake 

with later adiposity, linear growth, and IGF-I hormone levels in separate studies. Our 

objective in this study was to examine whether protein intake in early childhood (~3y) is 

associated with height, IGF-I levels, and various measures of adiposity in mid-childhood 

(~8y). Based on sex-specific effects reported in previous studies, we also looked for 

interactions with child sex. 

 

Subjects and Methods 

Subjects 

We studied children enrolled in Project Viva, a prospective cohort study of mother-child 

pairs examining associations of prenatal, perinatal, and early-life exposures with 
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pregnancy and child health outcomes. The mothers were recruited during 1999-2002 at 

their initial obstetric appointment from eight offices of Atrius Health, a large multi-

specialty group practice in eastern Massachusetts and children were enrolled after 

delivery and followed up in early and mid-childhood. Detailed recruitment and retention 

procedures have been described previously. (16) For this study we used dietary data 

collected at the early childhood visit (median child age 3.2y), outcome data collected at 

the mid-childhood visit (median child age 7.7y), and data on potential covariates from the 

pregnancy, delivery, early childhood and mid-childhood visits.  

 

The Project Viva cohort consists of the 2,128 women who delivered a live infant and 

their children. For this analysis, we included 1058 children with available data from both 

the early and mid-childhood visits. There was no difference in the proportions of boys 

and girls or in protein intake between included and excluded participants. The included 

subset had higher proportions of white children (66 vs. 61%), children who were 

exclusively breastfed to 6m (28 vs. 21%), children from households with income 

>$70,000 at enrollment (63 vs. 52%) and a slightly higher gestational age at delivery 

(39.5 vs. 39.3 weeks) than the excluded group. Institutional Review Boards of 

participating institutions approved the study protocols, and mothers or other 

parents/guardians provided written informed consent for participation of their children. 
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Measurements 

Exposure: Protein Intake 

We derived data on child food and nutrient intake from semi-quantitative food frequency 

questionnaires (FFQs) validated for use in preschool-age children (17) and completed by 

the mothers at the early childhood visit. The FFQ assessed the child’s diet during the past 

month, and we estimated usual intake of protein using the Harvard nutrient composition 

database, which includes food composition values from the US Department of 

Agriculture (18) and is supplemented by other sources. Protein intake was calculated by 

multiplying the amount of protein in the specific portion size of each food by the 

consumption frequency of each food and summing across all food items.  To address 

potential measurement error often attributed to use of FFQs in assessing dietary intake, 

we adjusted individual nutrient estimates for total energy intake using the nutrient 

residual method. (19–21) Adjustment for total energy intake has been shown to reduce 

the impact of measurement error inherent in use of FFQs for protein intake specifically. 

(22) 

 

The Estimated Average Requirement (EAR), or median nutrient requirement for a given 

life stage and gender group, is based on individual body weight (g/kg/d). We wanted to 

account for the weight-based requirements in determining individual protein intakes, but 

felt it was important to avoid using a ratio incorporating weight in our models due to 

associations of body weight with many of the outcomes under study. Therefore, we also 

regressed protein intake (in g/d adjusted for total energy intake) on body weight 
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measured at the early childhood visit, calculated residuals for each individual, and added 

the mean protein intake to each residual. Because plots of the means of the various 

outcome measures by quartiles and deciles of the protein intake residuals indicated that 

the relationships were not linear, we categorized protein intake into quartiles and used 

quartile of intake as the primary exposure in each of our models.  

 

Outcomes: Adiposity Measures, Height and IGF-I levels in Mid-Childhood 

We collected data on height, weight, and several measures of adiposity, as well as blood 

samples, at the in-person mid-childhood visit. Trained research assistants (RAs) 

measured standing height to the nearest 0.1cm using a stadiometer (Shorr Board®, 

Weight and Measure LLC, Olney MD). We obtained weight to the nearest 0.1 kg and 

bipolar electrical impedance using a Tanita scale (model TBF-300A, Tanita Corporation 

of America, Inc., Arlington Heights, IL) and calculated BMI as weight in kg/height in m2. 

We calculated age- and sex-specific z-scores for BMI and height using US national 

reference data. (23) RAs measured subscapular (SS) and triceps (TR) skinfold 

thicknesses to the nearest 0.1cm using Holtain calipers (Holtain Ltd., Crosswell, Wales), 

and we calculated the sum of the two skinfolds (SS+TR) as a measure of overall 

adiposity. Finally, RAs performed whole body dual X-ray absorptiometry (DXA) scans 

(Hologic model Discovery A, Hologic, Bedford, MA) from which we obtained measures 

of total fat mass in kg. Phlebotomists trained in pediatric blood collection obtained 

venous blood from children at the mid-childhood visit. Whole blood samples were 

refrigerated for <24 hours, then spun and aliquoted for storage in liquid nitrogen. (24) We 
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measured IGF-I (ELISA, R&D Systems, Minneapolis, MN) in plasma. Day-to-day 

variability for the assay was below 10%. 

 

Covariates 

At the initial prenatal visit (median 9.9 weeks gestation), mothers reported their education 

level, height, household income, pre-pregnancy weight, and the height and weight of the 

baby’s biological father. We calculated maternal and paternal BMI from these reports of 

height and weight. RAs visited mother-infant pairs after delivery at the two primary 

delivery hospitals and measured recumbent length using a stadiometer (Shorr Board®, 

Weight and Measure LLC, Olney MD). We obtained data on infant sex, delivery date, 

and birth weight from hospital medical records and calculated sex-specific birth weight 

for gestational age z-scores using US national reference data. (23) Mothers self-reported 

breastfeeding status when the child was six months old and we categorized them as 

exclusively breastfeeding (feeding their baby breast milk and no infant formula) or not 

exclusively breastfeeding at 6 months. We asked mothers to indicate the category that 

best described their child’s race/ethnicity during the early childhood interview. At the 

mid-childhood visit, mothers reported their child’s screen time, physical activity, and 

frequency of fast-food consumption via questionnaire. All data collection instruments 

used in Project Viva are publicly available at https://www.hms.harvard.edu/viva/.  

 

Statistical Analysis 

We analyzed data using sequential multivariable linear regression models adjusted for: 1) 

household income at maternal enrollment, maternal education level, and child sex, 
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race/ethnicity and age at measurement; 2) additionally, maternal and paternal BMI and 

the child’s birth weight z-score (for adiposity outcomes) or maternal and paternal height 

and the child’s birth length (for height and IGF-I outcomes) and 3) additionally, 

breastfeeding status at 6m, with additional inclusion of fast food intake, physical activity, 

and screen time in mid-childhood in the models predicting adiposity.  

 

We used multiple imputation methods to impute missing data. We generated 50 imputed 

data sets using chained imputation (25) and combined estimates using Rubin’s rules. (26) 

We present results from the imputed analysis throughout the manuscript unless otherwise 

indicated. All 2128 participants were used to generate the imputed dataset, but only the 

1058 participants who completed some portion of the early childhood visit and 1) a 

portion of the mid-childhood in-person visit (N=1054) or 2) a mid-childhood blood draw 

(N=659) were included in the analysis. We examined several different outcomes but have 

not adjusted our results for multiple comparisons. We used hypothesis-driven models to 

look for trends and consistency of results across methods, and we interpreted all results in 

the context of our pre-specified hypothesis. We performed all analyses using SAS version 

9.3 (SAS Institute, Cary NC). 

 

Results 

Early childhood protein intake was high in this cohort – the overall mean protein intake 

in the 1058 children was 58.2 g/d, or 3.78 g/kg/d. The EAR for protein is 0.87 g/kg/d for 

children ages 1-3y and 0.76 g/kg/d for children ages 4-8y and 100% of the children in our 
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sample had an intake above the EAR. Absolute intakes were similar in boys and girls 

(58.3 vs. 58.1 g/d) and girls had a slightly higher intake for their body weight (3.85 

g/kg/d vs. 3.70 g/kg/d in boys). 

 

Table 1 displays comparisons of early childhood protein intake and outcome measures 

(adiposity measured by DXA fat mass, height z-score, and plasma IGF-I levels) across 

categories of child, parental, and household characteristics. Protein intake was slightly 

higher in white and children of other race/ethnicity than in black children and in children 

from higher-income households and those whose mothers had a higher level of education. 

As expected, girls had higher adiposity and plasma IGF-I levels in mid-childhood, 

adiposity and height z-scores increased with increasing maternal pre-pregnancy BMI, and 

children with taller parents had higher height z-scores. Adiposity, height z-scores and 

IGF-I levels were all highest in black children and children from lower-income 

households, and children of mothers who did not have a college degree had higher 

adiposity and higher IGF-I levels. Children who were still exclusively breastfed at 6 

months of age had lower adiposity than children who were not.  

 

Table 2 presents results of regression models predicting measures of adiposity (BMI z-

score, sum of SS and TR skinfolds, and DXA total fat mass) in mid-childhood from 

quartile of early childhood protein intake. We did not identify any associations in either 

the unadjusted models or models sequentially adjusted for a variety of potential 

confounders, including race/ethnicity, socioeconomic status, parental BMI, and 
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breastfeeding. Results of the models stratified by child sex were similar to those for boys 

and girls together, with no apparent associations (data not shown). 

 

Results of regression models predicting height z-score and plasma IGF-I levels in mid-

childhood from quartile of early childhood protein intake are presented in Table 3. The 

third quartile of protein intake had a greater height z-score (β: 0.20, 95% CI: 0.04, 0.36) 

compared to the first quartile in the model adjusted for child sex, race/ethnicity, SES, 

maternal and paternal height and birth length. The estimate did not change after further 

adjustment for breastfeeding. However, the apparent increase in height did not persist in 

the fourth quartile of protein intake. There were no associations between protein intake in 

early childhood and IGF-I levels in mid-childhood. Results of the models stratified by 

child sex were similar to those for boys and girls together (data not shown). 

 

Discussion 

In this large sample of healthy children from a US cohort, we did not find any 

associations between protein intake in early childhood and measures of adiposity or IGF-I 

levels in mid-childhood. There was an increase in height z-score in the third quartile of 

protein intake only in our fully adjusted models. However, there was no difference in 

height z-score between the first and fourth quartiles and there is no physiological 

explanation for an increase in height at only the level of protein intake seen in the third 

quartile. Therefore, we believe this to be a spurious result. Overall, our results suggest do 
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not support a role for protein intake in early childhood in programming growth patterns 

later in childhood. 

 

Results of other, similar studies have been inconsistent, possibly due to differences in the 

timing of exposure and outcome assessments. In one study, breastfeeding status at 9 

months was not associated with IGF-I levels at 36 months, (27) yet in a second cohort 

study, children who were partially or exclusively breastfed as infants had higher IGF-I 

levels at age 7-8. (28) In a cohort of Danish children, Hoppe et al. found that protein 

intake at 9 months of age was associated with height and weight at 10y in healthy Danish 

children, but the association disappeared after accounting for body size at the time of diet 

assessment, which was also strongly correlated with protein intake. Additionally, there 

were no associations between protein intake at 9mo and BMI or % body fat at 10y in that 

study. (29) These results are consistent with our own results indicating that protein intake 

after the early infancy period does not program later development of adiposity. Günther 

et al. studied habitual protein intake between 12-24 months of age in a cohort of German 

children and found that girls in the highest tertile of protein intake had a higher BMI-SDS 

at onset of the adiposity rebound than girls in the lowest tertile of intake. There was no 

association in boys, and protein intake was not associated timing of the adiposity 

rebound. (30) In contrast, Rolland-Cachera et al. found that French children with higher 

protein intake at 2y had an earlier adiposity rebound and higher subsequent BMI at 8y. 

(31)   
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Previous work has suggested that a higher protein intake in infancy stimulates increases 

in height, possibly through effects on IGF-I levels, and that the more rapid linear growth 

accelerates onset of the adiposity rebound and leads to greater accumulated adiposity in 

later childhood, adolescence, and possibly into adulthood. We therefore hypothesized that 

children with diets higher in protein in early childhood would have greater adiposity at 

our mid-childhood visit, which should have taken place after the adiposity rebound for 

most children. Contrary to our hypothesis, there were no associations between protein 

intake and any of the various measures of weight status and adiposity that we examined 

(BMI z-score, SS+TR skinfolds, or DXA total fat mass).  

 

Rolland-Cachera has suggested that there is a distinction between children who have high 

BMI and adiposity consistently from birth or infancy and those who have a normal or low 

BMI in infancy and early childhood but an early adiposity rebound followed by rapid 

gain in body fat, and that these two pathways to an adipose body type in later childhood 

and adolescence may have different environmental predictors. Because our sample likely 

included a mix of these two profiles, we may have failed to detect an association with 

early protein intake because it is a predictor of adiposity only in children who are not 

already on a path to higher body fat in early childhood.  It is unlikely that it was too early 

to see effects of an earlier adiposity rebound stimulated by higher protein intake in our 

sample, given that the minimum age at our mid-childhood assessment was 6.6 years, and 

the adiposity rebound generally occurs between 5 and 7 years of age. Additionally, 

according to the theory linking early protein intake to later adiposity via timing of the 

adiposity rebound, early adiposity rebound is preceded by more rapid height growth. (15) 
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We also looked for associations with height and IGF-I but did not find any apparent 

relationships.  

 

There are many factors that are associated with diet and also predict height growth and 

adiposity development, making it important to carefully control for potential confounders 

when considering associations of child diet with later growth. We accounted for several 

socio-demographic factors as well as other strong predictors of child adiposity 

development (maternal BMI, paternal BMI, birth weight z-score) and height (maternal 

and paternal height and birth length). Although we did not have a full assessment of the 

children’s diets after early childhood, we accounted for some of the tracking in dietary 

habits and healthful lifestyle factors by adjusting our models for fast-food intake, 

physical activity, and screen time in mid-childhood; accounting for these factors did not 

substantially change our estimates.  

 

Despite having a large sample size, reasonably strong measures of diet in early 

childhood, and detailed assessment of several different outcomes in mid-childhood as 

well as many potential confounders, we did not find associations between protein intake 

and mid-childhood adiposity, height, or IGF-I in our unadjusted or adjusted models. In 

conclusion, our results do not support the hypothesis that protein intake in early 

childhood programs adiposity development or linear growth in well-nourished children. 
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Table 6.1: Early childhood protein intake, adiposity, height, and IGF-I levels by category 

of child and parental characteristics in 10581 Project Viva participants 
   Mid-Childhood Outcomes 

  

Early 

Childhood 

Protein 

Intake 

 
DXA Fat 

Mass (kg) 

Height z-

score 
IGF-I (ng/mL) 

 N Mean (SD) N Mean (SD) N 
Mean 

(SD) 

Overall 1058 58.2 (8.11) 1054 7.33 (3.60) 0.22 (0.98) 659 259 (105) 

Child Characteristics 

Sex 

Male 

Female 

P2 

 

50 

50 

 

58.2 (8.18) 

58.2 (8.60) 

0.92 

 

50 

50 

 

6.64 (3.67) 

8.01 (3.45) 

<0.0001 

 

0.26 (0.92) 

0.18 (0.92) 

0.23 

 

52 

48 

 

237 (105) 

282 (106) 

<0.0001 

Race/Ethnicity 

White 

Black 

Other 

P2 

66 

15 

19 

 

58.5 (7.78) 

56.6 (9.22) 

58.5 (9.43) 

0.04 

66 

15 

19 

 

7.04 (3.16) 

8.50 (5.01) 

7.40 (3.84) 

<0.0001 

 

0.17 (0.79) 

0.53 (1.13) 

0.17 (0.99) 

<0.01 

62 

19 

19 

 

238 (83.7) 

314 (133) 

270 (130) 

<0.0001 

Gestational age at Birth, 

wks 

< 37  

≥ 37  

P2 

 

6 

94 

 

 

58.3 (8.04) 

58.2 (8.19) 

0.93 

 

6 

94 

 

 

7.49 (3.60) 

7.32 (3.46) 

0.70 

 

 

0.08 (0.96) 

0.23 (0.94) 

0.25 

 

6 

94 

 

 

282 (108) 

257 (108) 

0.16 

Breastfeeding Status at 

6m 

Not exclusively breastfed 

Exclusively breastfed 

P2 

 

 

72 

28 

 

 

 

58.1 (8.47) 

58.4 (8.23) 

0.63 

 

 

72 

28 

 

 

 

7.59 (3.58) 

6.65 (3.79) 

<0.001 

 

 

0.23 (1.10) 

0.20 (1.03) 

0.65 

 

 

27 

73 

 

 

262 (109) 

251 (113) 

0.28 

Parent/Household Characteristics 

Annual Household 

Income at Enrollment 

≤ $70,000 

> $70,000 

P2 

 

37 

63 

 

 

57.3 (8.51) 

58.8 (8.37) 

<0.01 

 

37 

63 

 

 

7.98 (3.75) 

6.94 (3.86) 

<0.0001 

 

 

0.30 (0.99) 

0.17 (1.03) 

0.04 

 

 

39 

61 

 

 

277 (136) 

247 (146) 

<0.001 

Maternal Pre-Pregnancy 

BMI, kg/m2 

< 18.5 

18.5-24.9 

25.0-29.9 

≥ 30 

P2 

 

3 

62 

21 

13 

 

 

55.4 (9.52) 

58.5 (8.13) 

58.3 (8.47) 

57.6 (9.13) 

0.19 

 

3 

62 

21 

13 

 

 

5.84 (1.66) 

6.85 (3.07) 

7.75 (4.02) 

9.29 (4.74) 

<0.0001 

 

 

-0.01 (1.13) 

0.16 (1.02) 

0.24 (1.04) 

0.53 (0.95) 

<0.001 

 

2 

61 

22 

15 

 

 

277 (115) 

252 (106) 

268 (114) 

269 (108) 

0.26 

Maternal Education 

< 4-year college degree 

≥ 4-year college degree 

P2 

 

 

57.1 (8.44) 

58.7 (8.26) 

<0.01 

30 

70 

 

8.12 (3.54) 

6.99 (3.54) 

<0.0001 

 

0.24 (1.06) 

0.21 (1.09) 

0.62 

33 

67 

 

277 (127) 

250 (138) 

<0.01 

Maternal Height 

≤5’2” 

>5’2”-5’6” 

>5’6” 

P2 

 

 

58.6 (9.42) 

58.1 (8.18) 

58.2 (8.61) 

0.87 

10 

59 

31 

 

7.14 (1.46) 

7.28 (5.00) 

7.48 (7.72) 

0.62 

 

-0.40 (1.04) 

0.12 (1.00) 

0.63 (0.90) 

<0.0001 

11 

57 

32 

 

264 (123) 

259 (111) 

256 (97.8) 

0.84 
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Early 

Childhood 

Protein 

Intake 

 
DXA Fat 

Mass (kg) 

Height z-

score 
IGF-I (ng/mL) 

 N Mean (SD) N Mean (SD) N 
Mean 

(SD) 

Paternal Height 

≤5’6” 

>5’6”-5’10” 

>5’10” 

P2 

 

 

57.3 (8.45) 

58.2 (8.14) 

58.4 (8.76) 

0.55 

9 

40 

51 

 

7.70 (4.17) 

7.18 (3.48) 

7.37 (3.72) 

0.42 

 

-0.11 (1.16) 

-0.03 (1.02) 

0.48 (0.93) 

<0.0001 

10 

40 

50 

 

273 (103) 

249 (111) 

263 (110) 

0.17 

1 Total number of children included. N=1054 children for analysis of early childhood 

protein intake and mid-childhood adiposity and height; N=659 for analysis of early 

childhood protein intake and mid-childhood IGF-I 

2 Global (type 3) p-value testing for difference in outcome across categories of child and 

other characteristics 
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Table 6.2: Associations of protein intake in early childhood with adiposity in mid-

childhood among 1054 Project Viva children 

1 Categories appear to overlap due to rounding 

2 Model 1: unadjusted 

3 Model 2: adjusted for sex, race/ethnicity, household income, maternal education level 

4 Model 3: Model 2 + maternal BMI, paternal BMI, birth weight z-score 

5 Model 4: Model 3 + breastfeeding and mid-childhood fast food intake, screen time 

(hours/wk), physical activity (hours/wk) 

 

Quartile of early 

childhood protein 

intake  

Mean (range1) of 

protein intake, g/d 

Model 12 Model 23 Model 34 Model 45 

 BMI Z-Score, β (95% CI) 

Q1 (ref) 

48.3 (30.5, 52.8) 

0.0 0.0 0.0 0.0 

Q2  

55.3 (52.8-57.8) 

0.03 (-0.16, 0.22) 0.05 (-0.14, 0.23)  0.03 (-0.14, 0.20) 0.04 (-0.13, 0.20) 

Q3 

60.6 (57.8-63.3) 

0.10 (-0.08, 0.29) 0.17 (-0.01, 0.35) 0.15 (-0.01, 0.32) 0.16 (-0.01, 0.32) 

Q4 

68.6 (63.3-89.5) 

0.09 (-0.10, 0.28) 0.15 (-0.04, 0.34) 0.11 (-0.06, 0.28) 0.13 (-0.05, 0.30) 

 SS+TR Skinfolds, β (95% CI) 

Q1 (ref) 

48.3 (30.5, 52.8) 

0.0 0.0 0.0 0.0 

Q2  

55.3 (52.8-57.8) 

-0.24 (-2.10, 1.63) -0.20 (-1.94, 1.55) -0.24 (-1.90, 1.43) -0.16 (-1.81, 1.49) 

Q3 

60.6 (57.8-63.3) 

0.11 (-1.66, 1.88) 0.75 (-0.94, 2.45) 0.62 (-1.00, 2.24) 0.77 (-0.85, 2.39) 

Q4 

68.6 (63.3-89.5) 

-0.69 (-2.52, 1.14) -0.05 (-1.80, 1.71) -0.26 (-1.93, 1.41) 0.02 (-1.66, 1.69) 

 DXA Total Fat Mass kg, β (95% CI) 

Q1 (ref) 

48.3 (30.5, 52.8) 

0.0 0.0 0.0 0.0 

Q2  

55.3 (52.8-57.8) 

-0.09 (-0.80, 0.61) -0.07 (-0.74, 0.59) -0.10 (-0.74, 0.53) -0.06 (-0.68, 0.57) 

Q3 

60.6 (57.8-63.3) 

0.08 (-0.61, 0.78) 0.31 (-0.36, 0.98) 0.26 (-0.38, 0.90) 0.34 (-0.30, 0.99) 

Q4 

68.6 (63.3-89.5) 

-0.31 (-1.04, 0.41) -0.08 (-0.78, 0.62) -0.18 (-0.85, 0.48) -0.04 (-0.72, 0.63) 
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Table 6.3: Associations of protein intake in early childhood with height z-score (N=1054) 

and plasma IGF-I (N=659) in mid-childhood 

1 Categories appear to overlap due to rounding 

2 Model 1: unadjusted 

3 Model 2: adjusted for sex, race/ethnicity, household income, maternal education level 

4 Model 3: Model 2 + maternal height, paternal height and birth length 

5 Model 4: Model 3 + breastfeeding  

 

 

 

Quartile of early 

childhood protein 

intake  

Mean (range1) of 

protein intake, g/d 

Model 12 Model 23 Model 34 Model 45 

 Height Z-Score, β (95% CI) 

        

Q1 (ref) 

48.3 (30.5, 52.8) 

0.0 0.0 0.0 0.0 

Q2  

55.3 (52.8-57.8) 

0.05 (-0.13, 0.23) 0.06 (-0.11, 0.24) 0.08 (-0.07, 0.23) 0.08 (-0.07, 0.23) 

Q3 

60.6 (57.8-63.3) 

0.11 (-0.08, 0.29) 0.14 (-0.04, 0.33) 0.20 (0.04, 0.36) 0.20 (0.04, 0.36) 

Q4 

68.6 (63.3-89.5) 

0.02 (-0.17, 0.20) 0.05 (-0.14, 0.23) 0.05 (-0.11, 0.22) 0.05 (-0.11, 0.21) 

 IGF-I (ng/mL), β (95% CI) 

Q1 (ref) 

48.1 (30.9, 52.8) 

0.0 0.0 0.0 0.0 

Q2  

55.4 (52.8-57.8) 

4.43 (-21.7, 30.8) 7.55 (-16.9, 32.0) 8.12 (-16.4, 32.7) 8.20 (-16.4, 32.8) 

Q3 

60.6 (57.8-63.3) 

-12.3 (-38.1, 13.5) 0.98 (-23.5, 25.5) 1.29 (-23.2, 25.9) 1.34 (-23.2, 25.9) 

Q4 

68.6 (63.3-89.5) 

-14.4 (-39.9, 11.1) -5.05 (-29.3, 19.2) -5.20 (-29.5, 19.1) -5.30 (-29.6, 19.0) 
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Chapter 7: Summary and Discussion 

 

7.1. Summary of Key Results and Implications 

In a large cohort of mother-child pairs with data on maternal and child diet, 

longitudinal measures of child growth and hormone levels, and detailed information on 

many potential covariates, we have demonstrated that maternal protein intake during 

pregnancy but not child protein intake in early childhood may have a programming effect 

on early linear growth. In addition, the IGF axis hormones appear to be a pathway linking 

maternal protein intake during pregnancy to fetal growth. To address our first aim, 

presented in Chapter 4, maternal protein intake during pregnancy was consistently 

inversely associated with markers of offspring linear growth measured from birth through 

mid-childhood. As described in Chapter 5, we also observed an inverse association 

between maternal protein intake and cord blood levels of hormones known to regulate 

fetal growth, and there was evidence of an interaction between maternal protein intake 

and both child sex and parity in the associations with hormone levels. However, the 

possible programming effect of dietary protein intake on later linear growth and adiposity 

does not appear to extend to the child’s own diet after weaning, as protein intake in early 

childhood was not associated with measures of adiposity, height, or IGF-I levels in mid-

childhood (Chapter 6). 

We had initially hypothesized that there would be a direct relationship between 

maternal protein intake and child growth during the fetal, infancy, and early childhood 

periods and a reversal of this association in mid-childhood, and we were surprised to find 
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a consistent inverse association of maternal protein intake and markers of child growth 

from birth through mid-childhood. However, our hypothesis was mainly based on studies 

of protein intake during infancy, during which period higher protein intake appears to 

stimulate faster growth. One plausible explanation for these findings is that fetal exposure 

to amino acids does not correlate directly with the mother’s protein intake because 

nutrients are transferred from mother to fetus via the placenta. As discussed in Chapters 

4 and 5, evidence from the animal literature supports the hypothesis that higher protein 

intake by the mother might actually result in lower availability of specific amino acids to 

the fetus as a result of competition for placental amino acid transporters. In response to 

this nutrient “restriction” the fetus may reduce production of growth-regulating 

hormones. (14) Lower levels of hormones regulating placental nutrient transport or fetal 

growth and development would be expected to translate into growth restriction, and we 

observed that offspring of mothers with higher protein intakes during pregnancy had 

lower birth weights and lengths. We also found evidence of a programming effect of 

maternal protein intake, as the inverse associations with linear growth persisted into mid-

childhood. There are few published studies on associations of maternal protein intake 

with measures of fetal linear growth and the results are not consistent. Our study 

examined these associations in a large population of mother-child pairs with reasonably 

strong measures of diet and child length/height and the ability to control for a variety of 

well-measured potential confounders. We were also able to look at protein intake at two 

times points during pregnancy and at intake of total, animal, and vegetable protein 

separately. Finally, we used a ratio measure of protein intake to pre-pregnancy body 
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weight as our exposure, which aligns with the weight-based recommendations for protein 

intake during pregnancy.  

In our analysis of maternal protein intake and cord blood hormone levels, we 

found associations with IGF-II, IGFBP-3 and insulin but not IGF-I. This is interesting in 

light of increasing evidence suggesting that IGF-II is of primary importance in regulating 

placental and fetal growth, while IGF-I takes over after birth. IGFBP-3 does not have a 

clear independent role in growth regulation, and whether our results reflect independent 

associations of maternal protein with IGFBP-3 or tracking of IGFBP-3 with IGF-II levels 

is unknown. We observed a negative association between maternal protein intake and 

cord blood insulin levels, which is interesting given that insulin levels generally increase 

in response to nutrients and act as a signal of adequate nutrition to promote fetal growth. 

These results provide further support for the hypothesis that higher maternal protein 

intake actually results in lower availability of growth-promoting nutrients. 

Growth-regulating hormones may mediate the associations of maternal diet with 

markers of fetal growth observed in the first analysis and in other studies. However, few 

studies have looked at both cord blood hormones and markers of fetal growth in relation 

to the same exposure. Since we were able to conduct both analyses within the same 

cohort with similar methods, the observed inverse relationships between maternal protein 

intake during pregnancy and both cord blood hormone levels and markers of fetal growth 

offer compelling evidence that fetal hormones may link maternal nutrition to fetal 

growth. 

Though there is robust evidence supporting a programming effect of protein 

intake during infancy, specifically the protein content of milk feedings, on later growth, 
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our results suggest that this effect does not extend to protein intake during the preschool 

years. We did not observe any associations of protein intake in early childhood with 

measures of adiposity, height, or IGF-I in mid-childhood. There have been fewer studies 

examining the role of protein intake after weaning in programming growth, and the 

results are inconsistent. Our study had the advantages of a large sample size, reasonably 

strong measures of diet in early childhood, and detailed assessment of several different 

outcomes in mid-childhood as well as many potential confounders. Our observation that 

there was no association between protein intake in early childhood and adiposity, height, 

or IGF-I in mid-childhood provides support for the importance of the diet during infancy 

as most important in programming later patterns of linear growth and adiposity. It is 

possible that infancy is the critical period for protein intake in determining later growth, 

or it may be that the different protein contents of breast milk and formula, but not 

variations in protein intake after the transition to solid foods, are associated with different 

patterns of later growth.  

 

7.2. Relevance for Public Health 

We found some interesting reductions in fetal and child linear growth as well in 

cord blood levels of growth-associated hormones associated with higher maternal protein 

intakes. Evidence from undernourished populations indicates that increasing protein 

intake during pregnancy translates to better birth outcomes, but our results suggest that 

the benefits associated with more protein may peak at a certain level of intake, after 

which higher intake may impair fetal growth. However, the changes associated with 

increased intake were small and may not be clinically significant. Additionally, our 
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cohort is not necessarily representative of pregnant women in the general U.S. population 

and our results may not be generalizable to all populations of pregnant women. Finally, 

the women in our study had a higher protein intake than intakes reported in other 

populations of women of childbearing age (5,6). We recommend further research on this 

topic in other populations. However, our findings do not support a practice of unqualified 

recommendations to increase protein intake during pregnancy, especially in well-

nourished populations.  

The interaction of maternal protein intake with parity is interesting, and is in line 

with the idea that fetal growth is more sensitive to environmental factors in multiparous 

women. (7) If this hypothesis is supported by future studies, it may have implications for 

the recommendations given to pregnant women. We also saw evidence for interactions of 

protein intake with child sex, and our results along with other reports of sex-specific 

effects of prenatal exposures (8–10) could support a consideration of the baby’s sex (if 

known) in counseling pregnant women on prenatal behaviors. 

There is a quite a bit of literature demonstrating differences in later growth 

patterns and hormone levels between individuals fed breast milk as opposed to formula as 

infants, and trials comparing outcomes associated with lower- and higher-protein 

formulas provide further evidence in support of protein as the key factor (see Chapter 2, 

Section 2.4). We were interested in determining whether protein intake in early 

childhood might also program growth patterns, but we did not find any evidence that 

protein intake in early childhood is associated with adiposity, height or IGF-I in mid-

childhood. Longitudinal studies of early-life exposures, such as diet, that have health 

effects that persist over time are complicated as it is difficult to disentangle programming 
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effects from confounding and/or mediation by tracking of the exposure with later 

exposure to the same or related factors. For example, breastfed infants may be raised in a 

more health-conscious environment than formula-fed infants, and lifestyle factors that are 

related to infant feeding and also influence growth can confound the association between 

infant feeding and later growth. Additionally, the different macronutrient compositions of 

breast milk and formula as well as different feeding methods (breast vs. bottle feeding) 

may influence parental feeding restriction (11) and appetite regulation (12), which then 

impact later food intake and growth (mediation). Our study attempted to address this 

challenge by examining associations of child protein intake with the same outcomes that 

have previously been associated with infant feeding. Given that we did not find any 

relationships, our results support the continued focus on the importance of nutritional 

exposures during pregnancy and infancy. 

 

7.3. Directions for Future Research 

Among mothers in the Project Viva cohort, we observed an inverse association of 

maternal protein intake in the second trimester of pregnancy with both markers of fetal 

growth and cord blood levels of growth-regulating hormones. We hypothesize that these 

cord blood hormones may provide a pathway linking maternal protein intake to reduced 

fetal growth, yet we did not test this hypothesis in a formal mediation analysis. In a future 

analysis, it would be interesting to assess the mediating effect of cord blood IGF-II, 

IGFBP-3 and insulin levels on the relationship between maternal protein intake and birth 

weight and length.  
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We found that maternal protein intake during pregnancy was inversely associated 

with child linear growth through mid-childhood, suggesting a programming effect of 

exposure to protein during gestation on growth. To better understand the programming of 

linear growth by early protein exposure, we also examined the relationship of the child’s 

protein intake in early childhood to mid-childhood height and IGF-I levels and did not 

find any associations. However, it would also be interesting to consider an interaction 

between pre- and postnatal protein exposure and evaluate whether children’s growth 

responds differently to postnatal protein intake depending on the protein content of their 

mother’s diet during pregnancy. One study in rats supports this theory – the authors 

found evidence of an interaction of the macronutrient compositions of the mother’s diet 

during pregnancy, lactation and weaning with offspring growth. (13) They proposed that 

a high-protein, low carbohydrate diet during pregnancy may program the fetus for a low 

glucose environment, leading to glucose intolerance when the postnatal diet is high in 

carbohydrates. It would be very interesting to explore potential interaction between pre- 

and postnatal exposure to different macronutrients and effects of a mismatch between the 

macronutrient composition of the mother’s diet during pregnancy and the child’s diet 

during infancy and after weaning in humans. 

Another avenue for future research is examination of peri- and post-pubertal 

growth parameters in relation to early protein intake. In our third aim, detailed in 

Chapter 6, we evaluated associations of protein intake in early childhood with adiposity, 

height and IGF-I in mid-childhood and did not find any associations. However, it is 

possible that these effects do not become apparent until the onset of puberty.  We plan to 

use the data on adiposity, linear growth, and hormone levels obtained at the Project Viva 
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Early Teen visit, which will be available soon, to evaluate possible associations of early 

protein intake with growth-related parameters in early adolescence. In addition, it is 

plausible that there are different pathways to adiposity in later childhood and 

adolescence. As proposed by Rolland-Cachera, (14) children who have a high BMI and 

more adiposity consistently from birth or infancy may have a different metabolic profile 

than those who have a normal or low BMI in infancy and early childhood followed by an 

early adiposity rebound and rapid gain in body fat. It is possible that the impact of 

environmental factors such as diet may be modified by body composition, and future 

research on this topic may want to attempt to distinguish between children with different 

body composition profiles at the time of the diet exposure.  

`  
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Appendix I 

Figure A.1: Flow of Project Viva participants - full cohort and Aims 1-3 
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Appendix II 

Table A.1. Comparison of Project Viva participants in full cohort and subsets included in 

Aims 1-3 

 Full Cohort 

(Real) 

Full Cohort 

(MI)1 

 Aim 1 

(Chapter 4)2 

Aim 2 

(Chapter 5)3 

Aim 3 

(Chapter 6)4 

 N % 

Education 
< 4-year college degree 

≥ 4-year college degree 

2104  

35 

65 

 

35 

65 

 

34 

66 

 

36 

64 

 

30 

70 

Race/Ethnicity 
White 

Asian 

Black 

Hispanic 

Other 

1874  

66 

6 

17 

7 

4 

 

66 

6 

16 

7 

5 

 

67 

6 

16 

7 

4 

 

71 

5 

14 

6 

4 

 

70 

6 

14 

6 

4 

Household Income at 

Enrollment 
≤ $70,000 

> $70,000 

1874  

 

39 

61 

 

 

42 

58 

 

 

41 

59 

 

 

42 

58 

 

 

37 

63 

Smoking History 
Never 

Before pregnancy 

During pregnancy 

2107  

68 

19 

13 

 

68 

19 

13 

 

69 

19 

12 

 

67 

20 

13 

 

71 

20 

9 

Age at Enrollment 

< 30 

30 - < 40 

≥ 40 

2128 

 

 

31 

65 

4 

 

31 

65 

4 

 

30 

66 

4 

 

31 

64 

5 

 

28 

67 

5 

Pre-Pregnancy BMI (kg/m2) 
< 18.5 

18.5-24.9 

25.0-29.9 

≥ 30 

2112  

4 

58 

22 

16 

 

4 

58 

22 

16 

 

3 

59 

22 

16 

 

4 

59 

22 

15 

 

4 

62 

21 

13 

Gestational Weight Gain 
Inadequate 

Adequate 

Excessive 

2064  

13 

29 

58 

 

13 

29 

58 

 

13 

29 

58 

 

13 

29 

58 

 

12 

30 

58 

Parity 
0 

≥1 

2128  

48 

52 

 

48 

52 

 

48 

52 

 

46 

54 

 

48 

52 

Maternal Height 

≤5’2” 

>5’2”-5’6” 

>5’6” 

2118  

10 

61 

29 

 

10 

61 

29 

 

10 

61 

29 

 

10 

61 

29 

 

10 

59 

31 

Child Sex 
Male 

Female 

2128  

51.5 

48.5 

 

51.5 

48.5 

 

51 

49 

 

52 

48 

 

50 

50 
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1 Includes 2,128 mother-child pairs (full cohort) 

2 Includes 1,961 mother-child pairs 

3 Includes 938 mother-child pairs 

4 Includes 1058 mother-child pairs 

 

  Full 

Cohort 

(Real) 

Full Cohort 

(MI)1 

 Aim 1 

(Chapter 

4)2 

Aim 2 

(Chapter 5)3 

Aim 3 

(Chapter 6)4 

 N % 

Gestational Age at Birth 

(wk) 
<37 

37-42 

>42-43 

2128  

 

7 

91 

2 

 

 

7 

91 

2 

 

 

7 

92 

1 

 

 

5 

93 

2 

 

 

6 

92 

2 

Paternal Height 

≤5’6” 

>5’6”-5’10” 

>5’10” 

2060  

10 

40 

50 

 

10 

40 

50 

 

10 

40 

50 

 

9 

39 

52 

 

9 

40 

51 

 N Mean (SD) 

Birth Length (cm) 1057 49.8 (2.1) 49.5 (2.4) 49.7 (2.1) 49.8 (2.2) 49.7 (2.3) 

Birth Weight (kg) 2127 3.5 (0.6)  3.5 (0.6) 3.5 (0.6) 3.5 (0.5) 3.5 (0.6) 

Birth Weight-for-GA z-score 2127 0.2 (1.0) 0.17 (0.97) 0.18 (0.97) 0.24 (0.95) 0.20 (0.97) 


