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Abstract

Objective—To determine the extent to which known pre- and perinatal predictors of childhood 

obesity also predict weight gain in early infancy.

Study design—We studied 690 infants participating in the prospective cohort Project Viva. We 

measured length and weight at birth and at 6 months. Using multivariable linear regression, we 

examined relationships of selected maternal and infant factors with change in weight-for-length z-

score (WFL-z) from 0 to 6 months.

Results—Mean (SD) change in WFL-z from 0 to 6 months was 0.23 (1.11), which translates to 

4500 grams gained from birth to 6 months of life in an infant with average birth weight and length. 

After adjustment for confounding variables and birth weight-for-gestational age z-score (-0.28 

[95% C.I. -0.37, -0.19] per unit), cord blood leptin (-0.40 [95% C.I. -0.61, -0.19] per 10 ng/ml) 

and gestational diabetes (-0.50 [95% C.I. -0.88, -0.11] versus normal glucose tolerance) were each 

associated with slower gain in WFL-z from 0 to 6 months.

Conclusion—Higher neonatal leptin and gestational diabetes predicted slower weight gain in the 

first 6 months of life. The hormonal milieu of the intrauterine environment may determine growth 

patterns in early infancy and thus later obesity.
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The prevalence of obesity among children less than 5 years of age, and even among infants, 

has increased dramatically in the last 30 years.1,2 Weight gain in infancy predicts later risk 

for obesity.3,4,5 Consequently, it has become important to identify modifiable risk factors in 

early life that contribute to the accumulation of excess weight.

Three systematic reviews reported strong associations between rapid weight gain in infancy 

and obesity later in childhood and adulthood.3,4,5 For example, Baird et al reported that 

more versus less rapid weight gain in the first year of life was associated with 1.2 to 5.7-fold 

increased risk of later obesity.5 More recent studies suggest that the strongest associations 

are with excess weight gain the first 3-6 months of life,6,7 and that these observations apply 

to gain in weight-for-length, not merely weight, which is highly associated with length.8 

Recent studies have also shown that the associations are present not only for the outcome of 

obesity defined by body mass index, but also for direct measures of adiposity such as 

skinfold thickness and air-displacement plethysmography, blood pressure and other cardio-

metabolic outcomes in childhood and early adulthood.8-11

A robust literature has emerged regarding pre- and perinatal predictors of childhood 

adiposity,12-18 including pre-pregnancy body mass index,12 excessive gestational weight 

gain,13,14 gestational glucose tolerance,15 maternal smoking,16 placental production of 

corticotrophin-releasing hormone, a proxy for fetal glucocorticoid exposure,17 and higher 

adiponectin and lower leptin levels in umbilical cord blood at delivery.18 However, few 

studies have examined whether these factors also predict weight gain in early infancy. 

Investigating these potential determinants of infant growth could lead to intervention 

strategies to prevent childhood obesity and its consequences.

The objective of this study was to determine the extent to which known pre- and perinatal 

predictors of childhood obesity also predict weight gain in early infancy. To address this 

aim, we analyzed longitudinal data from Project Viva, a prospective pre-birth cohort study 

of pregnant women and their children.

Methods

Study subjects were participants in Project Viva, a prospective, observational cohort study 

of gestational factors, pregnancy outcomes and offspring health.19 We recruited pregnant 

women at their initial prenatal visit at Harvard Vanguard Medical Associates, a large multi-

specialty group practice in eastern Massachusetts between April 1999 and July 2002. Details 

of recruitment and retention procedures are available elsewhere.19 The human subjects 

committees of all participating institutions approved the study protocols and all mothers 

gave informed consent.

Of the 2128 children born to mothers in the Project Viva, we excluded 45 infants born <34 

weeks gestation and 1046 without research measures of newborn length, which were 
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missing primarily because we did not attempt to measure infants born at night or on 

weekends. Of the 1037 remaining infants, we obtained weight and length measurements 

among 690 infants at the 6-month visit (67% follow-up). When we compared the mother-

infant pairs from our final cohort of 690 to the 347 excluded participants, we found that 

mothers in our final cohort had similar prevalence of excessive gestational weight gain 

(58.2% vs. 58.0%) and mean pre-pregnancy BMI (24.6 v. 25.9 kg/m2). Infants had similar 

mean measures of cord blood adiponectin (28.7 v. 30.4 μg/mL), leptin (9.6 v. 9.1 ng/mL) 

and birth weight-for-gestational age z-score (0.27 v. 0.18). However, compared with 

excluded mothers, mothers in our sample had lower rates of gestational diabetes (5.1% v. 

7.1%) and smoking during pregnancy (9.5% vs 18.8%), and they had lower mean measures 

of 2nd trimester corticotrophin-releasing hormone (CRH) (146.9 v. 172.6 pg/mL). More 

mothers in our sample reported completion of a college degree (72.0% v. 55.9%), household 

income > $70, 000 (63.6%% vs. 52.8%) and were married or cohabitating (93.5% v. 86.5%). 

Among the infants, white race was more frequent in our final sample (69.7% v. 57.5%).

We calculated maternal BMI (kg/m2) from maternal self-report of height and weight at the 

start of pregnancy obtained in structured interviews during the first trimester. We calculated 

total gestational weight gain as the difference between the last recorded weight before 

delivery and the self-reported pre-pregnancy weight. We categorized women as having 

gained inadequate, adequate, or excessive weight according to 2009 Institute of Medicine 

guidelines for weight gain during pregnancy.20 We previously reported the validity of self-

reported pre-pregnancy weight in our cohort.21 As part of routine clinical care, women 

underwent glycemic screening for gestational diabetes (GDM) between 26-28 weeks 

gestation with a non-fasting oral glucose challenge test, in which venous blood was sampled 

1 hour after a 50-g oral glucose load. Women with a glucose concentration >140 mg/dL 

after the 50-g oral glucose challenge test then received a fasting, 100-g 3-hour oral glucose 

tolerance test. Normal results were a blood glucose <95 mg/dL at baseline, <180 mg/dL at 1 

hour, <155 mg/dL at 2 hours and <140 mg/dL at 3 hours.22 Based on the results of the 

glycemic screening tests we formed 4 categories for our analyses:23 a) Normal glucose 

tolerance, defined as normal results of the 50-g test or test not done because of low-risk 

status; b) Failed 50-g test with normal results on the 100-g test; c) Impaired glucose 

tolerance (IGT), defined as failed 50-g test and 0 or 1 cutpoints on the 100-g test; and d) 

Gestational diabetes (GDM), defined as failed 50-g test and 2 or more cutpoints on 100-g 

test.

We obtained maternal smoking status by self-report during the first and second trimester.24 

We categorized participants into 3 groups: (1) any smoking before pregnancy; (2) any 

smoking during early pregnancy; and (3) no history of smoking. We measured 

concentrations of maternal second trimester corticotrophin-releasing hormone (CRH, 

pg/mL) in plasma samples that were stored in liquid nitrogen.17 Because CRH is highly 

correlated with gestational age,25,26 in our analyses we corrected CRH level for gestational 

age at the time we obtained the blood sample. We collected cord blood samples from the 

umbilical vein after delivery of the infant, refrigerated whole blood for <24 hours, then spun 

aliquotted samples for storage in liquid nitrogen. We measured concentrations of 

adiponectin (μg/mL) and leptin (ng/mL) in stored cord blood plasma by 

radioimmunoassay.18 We abstracted infant sex, birth weight and gestational age from the 
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medical record. We estimated fetal growth as birth weight-for-gestational age z-score from a 

national US reference.27

Project Viva staff weighed infants at 6 months with a digital scale (Seca Model 881; Seca 

Corporation, Hamburg, Germany) and measured length at birth and 6 months with a Shorr 

measuring board (Shorr Productions, Olney, MD). We chose change in weight-for-length z-

score (WFL-z) from 0 to 6 months as our main outcome because it is more likely to 

represent adiposity than weight alone.28 As a secondary outcome measure we used change 

in weight-for-age z-score (WFA-z) and length-for-age z-score (LFA-z) from 0 to 6 months. 

We calculated age and sex-specific WFL-z, WFA-z and LFA-z from the Centers for Disease 

Control and Prevention 2000 growth chart data.29

Mothers reported information about their age, education, household income, marital status, 

parity, mode of infant feeding, child sex and race/ethnicity and paternal height and weight in 

structured interviews and questionnaires. We categorized mode of infant feeding at the 6 

month visit in 4 categories: a) exclusive breast feeding; b) mixed breast and formula 

feeding; c) weaned from breast feeding; and d) exclusive formula feeding. From the 

electronic medical record, we obtained maternal systolic blood pressure during the 3rd 

trimester of pregnancy.

Statistical Analyses

We first examined bivariate relationships among our main exposures, other covariates, and 

our outcome. We ranked change in WFL-z from 0 to 6 months into quartiles, separately for 

boys and girls. To calculate unadjusted trend p values of each exposure across quartiles of 

change in WFL-z from 0 to 6 months, we used Mantel-Haenszel Chi-Square for categorical 

characteristics and linear regression for continuous characteristics with quartiles coded as 1 

to 4. After testing model assumptions, we used multivariable linear regression models to 

examine the relationship between pre- and perinatal factors and change in WFL-z from 0 to 

6 months. We evaluated separate models for each main exposure, in which we included 

covariates that were of a priori interest or confounded the main associations. Adjustment for 

maternal systolic blood pressure, gestational age at delivery and parity did not change effect 

estimates and were not included in the final models. Model 1 included the main exposure 

and the child's exact age in months at the 6 month visit. Model 2 also included maternal and 

paternal BMI, maternal age, marital status, education, household income and child race/

ethnicity. To explore the potential mediating effects, in model 3, we additionally adjusted 

model 2 for mode of infant feeding, and in model 4 we additionally adjusted model 2 for 

birth weight for gestational age z-score. We performed data analysis with SAS 9.1 (SAS 

Institute, Cary NC).

Results

Participant characteristics are shown in Table I. The mean (SD) WFA-z at birth and 6 

months were 0.18 (0.98) and 0.36 (0.91) units, respectively. Corresponding LFA-z were 

0.05 (0.78) and -0.03 (0.82) units. WFL-z was 0.48 (0.79) units at birth and 0.71 (0.96) units 

at 6 months. Mean change in WFL-z from 0 to 6 months was 0.23 (1.11) units. This 0.23 

change in WFL-z translates to 4.5 kg gained by 6 months in an infant of median birth weight 
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and length, which is 345 g more at 6 months than an infant who remained at median weight 

and length.

Bivariate analyses showed that infants who had higher birth weight-forgestational age, 

higher cord blood leptin and adiponectin, who were born to multiparous mothers, and 

mothers with gestational diabetes had smaller change in WFL-z from 0 to 6 months, 

representing slower weight gain (Table I). Maternal age, marital status, CRH level, smoking 

status, and systolic blood pressure, gestational weight gain category, paternal BMI, 

gestational age at delivery, household income, child race and mode of infant feeding did not 

vary by quartile of change in WFL-z from 0 to 6 months (Table I).

In multivariable models adjusting for parental BMI and socioeconomic factors (Table II, 

Model 2), we observed that infants born to mothers with gestational diabetes (-0.60 [95% 

C.I. -0.99, -0.21]) and impaired glucose tolerance (-0.63 [95% C.I. -1.11, -0.15]) had slower 

infant weight gain in the first 6 months of life compared with infants born to mothers with 

normal glucose tolerance. Additional adjustment for mode of infant feeding in categories 

(Table II, Model 3) or breastfeeding duration as a continuous measure (data not shown) did 

not materially change in the magnitude of the association of gestational diabetes and 

impaired glucose tolerance with infant weight gain. To explore the extent to which the 

association between maternal glucose tolerance and change in WFL-z from 0 to 6 months is 

mediated by fetal growth, we additionally adjusted birth weight-for-gestational age z-score. 

In that analysis, the effect estimates for gestational diabetes (-0.60 to -0.50) and impaired 

glucose tolerance (-0.63 to -0.51) were modestly attenuated (Table II, Model 4).

In analyses examining leptin as the main predictor, we found that for each 10 ng/mL 

increment of cord blood leptin, change in weight-for-length z-score was lower in the first 6 

months of life by 0.56 units (95% C.I. -0.76, -0.36) (Table II, Model 2). We found no 

material change in this association when we included mode of infant feeding in our analysis 

either as a categorical (Table II, Model 3) or as a continuous variable (data not shown). 

After adjusting for birth weight-for-gestational age z-score, which represents fetal growth, 

the effect was somewhat attenuated (-0.40 [95% C.I. -0.61, -0.19]) (Table II Model 4).

We also found that for each unit increment of birth weight-for-gestational age z-score, 

weight-for-length gain was 0.28 units lower (95% C.I. -0.37, -0.19) (Table II Model 2), 

suggesting that infants with greater fetal growth have slower infant weight gain.

We did not observe direct associations of pre-pregnancy BMI, gestational weight gain, 

maternal smoking, placental CRH, or cord blood adiponectin and change in WFL-z score 

from 0 to 6 months (Table II). Results from final regression estimates (Table II, Model 4) of 

associations of pre-and perinatal factors and change in WFL-z from 0 to 6 months are shown 

in the Figure.

We found similar results in our secondary outcome of change in WFA-z and LFA-z from 0 

to 6 months. In adjusted models we found that infants born to mothers with gestational 

diabetes (-0.29 [95% C.I. -0.61, -0.02]) and impaired glucose tolerance (-0.41 [95% C.I. 

-0.79, -0.03]) had slower change in WFA-z in the first 6 months of life compared with 

infants born to mothers with normal glucose tolerance. We observed that for each 10 ng/mL 
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increment of cord blood leptin, change in WFA-z and LFA-z was lower in the first 6 months 

of life by 0.31 units (95% C.I. -0.48, -0.13) and -0.13 units (95% C.I. -0.26, 0.00), 

respectively. In addition, we found an association between excessive gestational weight gain 

and lower gain in WFA-z and LFA-z from 0 to 6 months (-0.16 [95% C.I. -0.33, 0.00] and 

-0.19 [95% C.I. -0.32, -0.06], respectively), which was not present in the WFL-z analysis 

(0.04 [95% C.I. -0.17, 0.24]).

Discussion

In this prospective cohort study, we found that gestational diabetes, a known determinant of 

later childhood adiposity, predicted slower infant weight gain in the first 6 months of life. 

This finding was somewhat surprising, given that more rapid infant weight gain predicts 

greater childhood adiposity. Our result that higher cord blood leptin predicted slower 

growth, however, is consistent with its association with lower BMI at age 3,18 and raises the 

possibility that intrauterine leptin exposure may serve as an important factor determining 

energy metabolism during infancy and thus risk for later obesity.

We confirmed findings from previous cohort studies that infants who are larger at birth have 

slower weight gain in the first 6 months of life, a phenomenon that may represent postnatal 

regulation toward genetically driven growth trajectories.30 Our finding of slower weight 

gain among infants born to mothers with gestational diabetes, even after adjustment for fetal 

growth, is consistent with an earlier study by Silverman, et al, in which infants born to 

mothers with gestational diabetes had decreased growth velocity in the first year of life and 

increased growth thereafter,31 compared with a population reference standard. Gestational 

diabetes stimulates fetal hyperglycemia, which results in fetal hyperinsulinemia and 

consequent fetal growth and macrosomia.32 After birth, hypoglycemia may ensue and in 

turn, changes in blood insulin levels. This sequence of events may lead to slower weight 

gain in the first several months of life. It is not known why infants of diabetic mothers gain 

more weight later in childhood.

Our finding that higher cord blood leptin is associated with slower infant weight gain was 

similarly demonstrated by Ong et al, among infants in the first 2 years of life.33 We 

previously described an association of higher cord blood leptin and lower 3 year BMI z-

score from our same cohort.18 Our results suggest that slower infant growth may serve as an 

intermediate step between intrauterine leptin exposure and BMI z-score at age 3.

Leptin is an adipocyte-derived hormone that causes decreased appetite and energy intake 

through actions in the hypothalamus.34 Among obese older children and adults who develop 

leptin resistance, higher leptin levels predict weight gain, and exogenous leptin 

administration is not effective in weight loss.35 However, the findings that cord blood leptin 

is associated with slower infant weight gain (this study) and lower adiposity at age 318 

suggests that leptin resistance has not yet taken hold at these earlier ages.

Animal studies support this hypothesis. Vickers et al showed that leptin administration to 

offspring of undernourished pregnant rat mothers during postnatal day 3 to 13 abolished the 

otherwise observed increase in energy intake, body weight and fat mass and decreased 
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locomotor activity.36 The physiological effects of leptin during this critical period of 

development may reflect a direct neurotrophic effect of leptin on the hypothalamus.37 

Bouret et al showed that the neuronal projections from the hypothalamus were permanently 

disrupted in leptin deficient mice.37 Leptin supplementation in neonatal mice, but not adult 

mice, led to increased neuronal projections.37 These projections relay information to areas of 

the brain that are important for regulation of feeding and energy balance.37 This early 

postnatal period in the mouse and rat likely corresponds to the 3rd trimester in the human.

Taken together, these studies support the hypothesis that leptin plays a critical role during a 

period of developmental plasticity in late gestation. Our finding that elevated cord blood 

leptin was associated with slower growth in early infancy supports the premise that 

intrauterine exposure to excess leptin may moderate fat accretion after birth by decreasing 

appetite and increasing metabolism during infancy and early childhood.

Because many studies show that formula feeding rather than breastfeeding is associated with 

higher risk of obesity, mode of infant feeding has been a leading explanation for the 

observed association between rapid weight gain in early infancy and later obesity. However, 

both observational and experimental evidence suggests that formula feeding is actually 

associated with less, not more, rapid weight gain in the first few months of life.38 Our 

findings suggest that the hormonal milieu of the intrauterine environment might be more 

important than mode of infant feeding in determining how weight gain in infancy raises the 

risk of later obesity.

Strengths of this study include its prospective study design and evaluation of multiple pre- 

and perinatal factors that can alter infant growth, as well as a wide range of potential 

confounders. Although we used weight-for-length measurements, which are more likely to 

represent adiposity than weight alone, repeated direct measures of adiposity in infancy 

would be better still. Our main outcome was infant growth from birth to 6 months; we did 

not evaluate change in weight in shorter time periods within the first six months, nor did we 

examine increasing weight gain beyond 6 months of age. We included only a subset of the 

original study cohort due to missing length measures and loss to follow-up from 0 to 6 

months. Other limitations include the relatively high socioeconomic status of our 

participants, which may reduce generalizability. We adjusted for maternal education, 

household income, child race and mode of infant feeding and did not find material change in 

our effect estimates. However, we cannot completely exclude the possibility of selection 

bias. Additional data on the short and long-term effects of intrauterine exposure to leptin and 

associated hormones are needed to clarify early determinants of obesity and its 

consequences.
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Abbreviations

WFL-z Weight-for-length z-score

WFA-z Weight-for-age z-score

LFA-z Length-for-age z-score

BMI Body mass index

CRH Corticotrophin-releasing hormone

GDM Gestational diabetes

IGT Impaired glucose tolerance
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Figure 1. 
Regression estimates of associations of pre- and perinatal factors and change in weight-for-

length z-score (WFL-z) from 0 to 6 months, adjusted for pre-pregnancy BMI, paternal BMI, 

maternal age, marital status, education, income, child age at 6 month visit, child race, and 

birth weight for gestational age z-score (fetal growth) (Table II, Model 4). BMI = body mass 

index, GWG = gestational weight gain, GDM = gestational diabetes, CRH = corticotrophin 

releasing hormone
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