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Abstract

Objective—To quantify the combined effect of maternal pre-pregnancy obesity and maternal

gestational weight gain (GWG) on the shape of infant growth throughout the first year of life.

Methods—A retrospective cohort of maternal-child dyads with children born between January

2007 and May 2012 was identified in a linked electronic medical record.

Data were abstracted to define the primary exposures of maternal pre-pregnancy BMI and GWG,

and the primary outcome of infant growth trajectory.

Results—We included 499 maternal-infant dyads. The average maternal age was 28.2 years;

55% of mothers were overweight or obese prior to pregnancy and 42% of mothers had excess

GWG, as defined by the Institute of Medicine. Maternal pre-pregnancy BMI (p<0.001), and the

interaction between pre-pregnancy BMI and maternal GWG (p=0.02) showed significant

association with infant growth trajectory through the first year of life after controlling for

breastfeeding and other covariates, while GWG alone did not reach statistical significance

(p=0.38). Among infants of mothers with excess GWG, a pre-pregnancy BMI of 40 kg/m2 versus

25 kg/m2 resulted in a 13.6% (95% CI 5.8%, 21.5%; p<0.001) increase in 3-month infant weight/

length percentile that persisted at 12 months (8.4%, 95% CI 0.2%, 16.5%; p=0.04).

Conclusions—The combined effect of excess maternal GWG and pre-pregnancy obesity

resulted in higher infant birth weight, rapid weight gain in the first 3 months of life, with a

sustained elevation throughout the first year of life. These findings highlight the importance of the

preconception and prenatal periods for pediatric obesity prevention.
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Introduction

Despite a recent leveling of childhood obesity rates, the absolute prevalence of childhood

overweight and obesity remains at 31.8%.1 The lasting public health implications of this

epidemic stem from the repeatedly demonstrated predisposition for obese children to

become obese adults with increased risks of associated morbidity, such as the metabolic

syndrome, type 2 diabetes, and coronary heart disease.2-7

Recent work has provided evidence that infancy is a critical period of child development

where rapid weight gain and altered adiposity can shift a child’s growth trajectory towards a

more obese phenotype in childhood and into adulthood.4,8 Previous work has shown that

rapid weight gain in the first 3 to 6 months of life has been associated with both a predicted

prevalence of childhood obesity of 40% at age 3,8 and the development of obesity and its

metabolic consequences in early adulthood.4,6 Furthermore, children who are born small for

gestational age and have rapid growth in the several years of life have increased risk of

coronary artery disease as adults.7 However, little has been done to characterize the

determinants or predictive value of the shape of the infant growth trajectory throughout the

first year of life.

In 2009 the Institute of Medicine (IOM) highlighted both pre-pregnancy BMI and excess

gestational weight gain (GWG) as significant contributors to infant development.9-11 Noting

the well established association between maternal pre-pregnancy BMI with both elevated

birth weight and later obesity, the IOM particularly focused on the link between excess

gestational weight gain (GWG) and excess infant adiposity as a modifiable risk factor to

improve both pediatric and maternal health outcomes.9,12-16 These studies focused on

evaluating maternal pre-pregnancy BMI or excess GWG as independent correlates to the

later development of childhood obesity. Recently, the interaction between pre-pregnancy

BMI and maternal gestational weight gain has been shown to influence rapid infant weight

gain, but the combined effect on the shape of infant growth has not been described.17

Our objective was to measure the interaction of maternal pre-pregnancy BMI and maternal

gestational weight gain on infant growth trajectory in the first year of life. We hypothesized

that infants of mothers who were obese prior to pregnancy and had excessive GWG, as

defined by the IOM guidelines, would have a more rapid pattern of growth in the first 3-6

months of life that would persist throughout infancy compared to infants of mothers who

were either obese prior to pregnancy or had excessive GWG alone. Elucidating the shape of

the infant growth curve throughout the first year is an important next step in characterizing

the phenotype for infants who are at risk for developing later obesity.

By understanding how the combined effect of maternal pre-pregnancy BMI and excess

gestational weight gain during pregnancy influences growth during a child’s first year of
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life, we can support meaningful preventive recommendations to parents and healthcare

providers to help turn the tide of this pervasive childhood obesity epidemic.

Methods

Study Design and Data Sources

We assembled a retrospective cohort of maternal-child dyads, who were identified in the

electronic medical record (EMR). Index children were born between January 2007 and May

2012 and were patients at the pediatric primary care clinics at a large urban academic

medical center in Nashville, TN. Patients served by these practices come from a broad range

of socio-economic strata and include a large cross-section of diverse cultural backgrounds.

A pre-existing link between the index child’s medical record and the mother’s medical

record was used to identify maternal-child dyads. All dyads received medical care at the

primary care clinics throughout pregnancy and the first year of the child’s life. These clinics

consisted of faculty-only practices and resident continuity clinics. This study was conducted

at a single institution and approved by the Vanderbilt University Medical Center

Institutional Review Board.

Population

Once maternal-child dyads had been identified electronically, a strict set of inclusion and

exclusion criteria were used to avoid the potential for confounding. Children were eligible if

they: 1) were at least one year old as of June 1, 2013; 2) had measures of height and weight

taken concurrently on at least 3 occasions in the first year of life; and 3) had at least one

concurrent measurement of child height and weight prior to 6 months of life, and 4) one

after 6 months of life and ≤ 15 months of life. Mothers were eligible if they: 1) were at least

18 years old at the time of the index child’s birth; 2) had height recorded in the EMR within

365 days of the estimated date of conception (defined as delivery date minus estimated

gestational age); and 3) had maternal weight recorded in the EMR up to 365 days prior to

the estimated date of conception. To preserve independence of observations, only a mother’s

first eligible pregnancy was included in the cohort, although it may not have been her first

pregnancy. Exclusion criteria included: 1) multiple gestation; 2) children with medical

conditions known to affect infant growth as defined by ICD-9 search in the EMR (e.g.

Trisomy 21, hypothyroidism, cancer, etc.); 3) children with a diagnosis of failure to thrive in

the first year of life; 4) children who required a percutaneous gastrostomy tube in the first

year of life, as defined by CPT code in the EMR; 5) maternal insulin use during pregnancy;

and 6) enrollment in another ongoing clinical trial. Children born between May 1, 2007 and

May 31, 2012 were included, with potential data collected up to one year before and 15

months after.

Chart Abstraction and Data Collection

Data were abstracted from the EMR using a combination of information electronic data

abstraction and manual chart reviews. A trained team of research nurses conducted the

manual chart review data collection. Research nurses were trained by the principal

investigator, who reviewed the first 10 charts and then a random sampling of 10% of the

charts thereafter for accuracy.
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EMR data that were abstracted electronically were obtained using a computer algorithm, and

the principal investigator verified accuracy by manually reviewing 10% of medical records.

Once length and weight measurements were obtained, a blinded reviewer visually inspected

all growth curves to remove points such as a loss of height or other implausible

measurements. In three such instances, data were changed to missing. Subsequently, the

difference in both raw length and weight was calculated for each child between each

measured time point. The highest and lowest 10% of measurements were verified from the

EMR. Study data were managed using the secure Research Electronic Data Capture tools

(REDCap) hosted at Vanderbilt University.18

Pre-Pregnancy BMI and Maternal Gestational Weight Gain

We evaluated maternal pre-pregnancy BMI and maternal gestational weight gain obtained

from EMR measurements obtained as a part of routine clinical care visits. Pre-pregnancy

BMI was calculated from weight and height measurements recorded within one year of the

estimated date of conception. Gestational weight gain was calculated by subtracting the pre-

pregnancy weight from the last recorded weight prior to delivery. Excess gestational weight

gain was defined based on the 2009 IOM recommendations (Supplemental Table 1), and

represented a range of weight gain for each of four categories of maternal pre-pregnancy

BMI (underweight, normal weight, overweight, obese).9 While maternal pre-pregnancy BMI

was included in the statistical models as a continuous variable, in some places it is reported

categorically for ease of interpretation. These categorizations are based on CDC

recommendations: 1) underweight BMI <18.5 kg/m2; 2) normal weight BMI between 18.5

and 24.9 kg/m2; 3) overweight BMI between 25.0 and 29.9 kg/m2; and 4) obese BMI ≥ 30

kg/m2. Furthermore, to illustrate findings from our statistical model, we a priori selected

representative values for maternal gestational weight gain that covered the full range of

weight gain described in the IOM guidelines (5kg, 10kg, 15kg).

Outcome

The primary outcome was infant growth trajectory as measured by weight-for-length

percentile defined by the 2006 World Health Organization growth curves.2,3,19 Each child

had growth parameters abstracted from existing height and weight measurements in the

EMR up to 6 times during the first year of life: birth, 2 months, 4 months, 6 months, 9

months, and 12 months. Weight-for-length percentile was calculated using an algorithm in

STATA version 12.1,20 with 10% of calculated values being manually verified using the

World Health Organization (WHO) published tables for accuracy. The median number of

repeated weight-for-length measurements for children included in the study was 5 (Range

3-6, Inter-Quartile Range 5-6).

Covariates for adjustment

Covariates were obtained from the EMR, and were selected a priori based on clinical

significance. Child characteristics included: estimated gestational age;21 and exclusive

breast-feeding for the first 6 months of life.22,23 Maternal characteristics included: maternal

age at the time of delivery; number of previous pregnancies;24,25 smoking during

pregnancy;25,26 illicit drug use during pregnancy;27 alcohol use during pregnancy;27
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hypertension treated during pregnancy;28 diagnosis of depression during pregnancy;29

levothyroxine use during pregnancy; and gestational diabetes.30 Maternal race and ethnicity

were also evaluated as potential confounding factors as they were considered to be

associated with both the exposure and the outcome (both maternal and childhood obesity

prevalence are higher among racial minorities).1,31 Race and ethnicity were categorized into

5 mutually exclusive categories of: White, Non-Hispanic; Black, Non-Hispanic; Asian, Non-

Hispanic; Other, Non-Hispanic; and Hispanic. Health insurance status was also included as a

covariate as a proxy for socioeconomic status.

Statistical Analyses

Descriptive statistics were calculated as the frequency and proportion, mean with standard

deviation (SD), or median with interquartile range according to the distribution of the

variables. Maternal pre-pregnancy BMI and GWG were included as continuous variables.

To evaluate the primary outcome of infant growth trajectory, the main effects of maternal

pre-pregnancy BMI, maternal GWG and an interaction term were examined in a generalized

least square model with adjustments for above covariates. Maternal pre-pregnancy BMI,

GWG, and children’s age were included as non-linear effect using restricted cubic splines.

The number and location of splines were determined by the distribution of each variable.32

For this model we included age with 5 knots, placed at 5%, 27.5%, 50%, 72.5% and 95% of

the age variable. We included maternal age, maternal pre-pregnancy BMI, and maternal

GWG with 3 knots each, located at 10%, 50%, and 90%. We report the overall effect of each

variable of interest, which reflects the combined effects of the main effect of the variable

and all interaction terms including the variable. This allowed us to examine whether the

effect of the variable is significant at the level of an effect modifier. P-values were derived

by Wald test. Specific comparisons were calculated via linear combination of regression

coefficients (i.e. contrast, main effects, cross-products terms). Within patient correlation

over time was accounted for using a first order autoregressive correlation structure as it

produced the lowest Akaike information criterion.33 We tested the model assumptions by

residual analyses. Statistical analysis was performed using R studio 3.0.1 (online at www.r-

studio.com). All tests were 2-sided and a P value of less than 0.05 was considered

significant.

Results

Patient characteristics

We identified 6008 maternal-infant dyads from the pediatric primary care panel and after

application of the inclusion criteria and exclusion of data errors, 499 dyads were included in

the analysis (Figure 1). Baseline characteristics of the cohort are presented in Table 1. The

median estimated gestational age of the index children was 39.4 weeks (Interquartile range

[IQR] 38.8, 40.3 weeks). About half (53%) of children were female, and the median birth

weight was 3.4 kg (IQR 3.1, 3.7 kg). Based on information from well child clinic visits, 19%

of children were exclusively breast fed for the first 6 months of life. The median maternal

age at the time of delivery was 28.0 years (IQR 23.0, 32.5 years), and represented the first

pregnancy for 35% of mothers. The distribution of maternal race/ethnicity included 54%

White, Non-Hispanic, 32% Black, Non-Hispanic, 8% Asian, Non-Hispanic, and 6%
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Hispanic. Maternal co-morbidities included hypertension treated during pregnancy (3%),

depression (10%), and gestational diabetes (9%). Prior to pregnancy the median maternal

BMI was 25.6 kg/m2 (IQR 22.6, 31.1 kg/m2), with 1% of mothers classified as underweight

(BMI ≤ 18.5), 44% classified as normal weight (BMI between 18.5 and 25), 26% classified

as overweight (BMI between 25 and 30), and 29% classified as obese (BMI ≥ 30). Among

the 142 mothers who were obese prior to pregnancy, 68 (48%) had class 1 obesity (BMI

between 30 and 35), 41 (29%) had class 2 obesity (BMI between 35 and 40), and 33 (28%)

had class 3 obesity (BMI≥ 40).

Association between maternal BMI, GWG, and infant growth trajectory

The median maternal gestational weight gain was 12.3 kg (IQR 7.3, 16.8 kg) and based on

the recommendations from the IOM, 211 (42%) of mothers had excess gestational weight

gain (Table 2). The percentage of mothers with excess GWG was highest for women who

were overweight prior to pregnancy (55%). Mothers who were obese prior to pregnancy and

had excess GWG gained an average of 15.8 kg (SD 5.8 kg), which was much higher than

upper limit of 9.0 kg recommended by the IOM. Furthermore, of the 33 mothers who were

morbidly obese prior to pregnancy (BMI ≥ 40 kg/m2), 33% experienced excess GWG. After

adjustment for covariates in the generalized least square model, the main effect of older

child age (p<0.001), higher maternal pre-pregnancy BMI (p<0.001), and the interaction term

of maternal-pregnancy BMI and GWG (p=0.01) were significantly associated with infant

growth patterns through the first year of life. The overall effect of GWG did not reach

statistical significance (p=0.38).

When stratified by maternal pre-pregnancy BMI alone, the overall shape of the infant

growth curves was similar until reaching the highest category of maternal pre-pregnancy

obesity (BMI 40 kg/m2) (Supplemental Figure 1). Infants of morbidly obese mothers were

more likely to have a higher birth weight followed by a rapid increase in weight-for-length

in the first 3 months of life. These infants subsequently developed a decrease in growth

trajectory, resulting in a markedly different shape of the early growth curve when compared

with children of mothers with normal pre-pregnancy BMI. For example, among infants of

mothers with gestational weight gain in the recommended range (5kg), those born to

morbidly obese mothers with a pre-pregnancy BMI (40 kg/m2) had an 8.3% higher weight/

length percentile at 3 months (95% confidence interval [CI] 0.8%, 15.8%; p=0.03) compared

with infants of mothers who were overweight prior to pregnancy (BMI= 25 kg/m2).

Maternal excess gestational weight gain amplified the effect of maternal pre-pregnancy BMI

on infant growth. For infants of mothers with obese pre-pregnancy BMI, excess maternal

GWG resulted in a statistically significant elevation of the growth curve at all points through

the first year of life (Figure 2). For example, among infants of mothers with excess

gestational weight gain (15kg), an obese pre-pregnancy BMI (40 kg/m2), resulted in a 13.6%

increase in 3-month infant weight/length percentile, when compared with overweight pre-

pregnancy BMI (25 kg/m2) (95% CI 5.8%, 21.5%; p<0.001). This effect was sustained at 12

months of age, where infants of mothers with a BMI of 40 kg/m2 had an 8.4% higher

weight/length percentile compared to infants of mothers with a BMI of 25 kg/m2 (95% CI
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0.2%, 16.46%; p=0.04). Infants of mothers with normal pre-pregnancy BMI and excess

GWG normalized their growth by the first year.

Discussion

Given that both maternal pre-pregnancy BMI and maternal gestational weight gain have

been associated with early childhood growth patterns that predispose children to obesity,

understanding the interaction of this effect is important for both understanding the complex

determinants of and developing effective interventions for childhood obesity. Our results

demonstrate that the combined effect of maternal pre-pregnancy obesity and excess maternal

GWG resulted in a significant elevation of the infant growth curve, which was sustained

throughout the first year of life. Furthermore, this is the first study, to our knowledge, that

utilizes growth trajectory throughout the first year of life as a primary outcome to

demonstrate a fundamentally different shape to the growth curve of infants of mothers who

were morbidly obese prior to pregnancy.

Our results show, consistent with other studies, that maternal pre-pregnancy BMI has a

direct relationship with infant growth15,16 and that the interaction between maternal pre-

pregnancy BMI and maternal GWG is associated with rapid infant weight gain.17 These

results add to the current literature by confirming this recently described interaction between

maternal pre-pregnancy BMI and maternal GWG and by characterizing the resultant shape

of infant growth throughout an infant’s first year of life.

Specifically, infants of mothers with elevated pre-pregnancy BMI had a phenotype of rapid

weight gain in the first months of life, followed by a sustained elevation in weight-for-length

percentile throughout the first year of life. By using growth trajectory to characterize infant

growth, our results show that infants of mothers who were not obese prior to pregnancy tend

to normalize their growth trajectory over time, a finding that would have been missed

without studying growth trajectory. Thus it is the shape of the early infant curve that could

prove to be a powerful predictor of later health and provide a tool to better understand the

phenotype of at-risk early pediatric obesity.

The underlying biological or behavioral etiology that would explain the differing shape of

the infant growth curve is unclear. Our data do not point to breast-feeding as a principal

explanatory mechanism, as it was controlled for in our statistical modeling and it did not

reach statistical significance. The finding that the growth curve separates so early in life for

infants of morbidly obese mothers suggests an intra-uterine programming that may

contribute to early growth. Based on these data, we suggest that future studies focus on the

relationship between maternal-fetal biology and maternal feeding practices to further

elucidate the complex determinants of early child growth. This line of research inquiry

would provide guidance to prevent childhood obesity starting preconception and in-utero.

In addition, our results show excess gestational weight gain amplifies the dysregulated

pattern of infant growth for mothers who were morbidly obese prior to pregnancy.

Conversely, among women with a normal pre-pregnancy BMI, excess GWG was not a

primary determinant of altered infant growth through the first year of life. Thus, these results
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support the 2009 IOM recommendations for gestational weight gain, especially for mothers

who have a BMI ≥ 40kg/m2. Moreover, it underscores the importance of maternal post-

partum weight loss, as returning to healthy BMI after pregnancy would be a potential

opportunity to improve infant growth trajectory for subsequent children.

The finding that excess gestational weight gain amplifies the effect of pre-pregnancy obesity

on infant growth in the first year of life points to pregnancy as an important time to consider

pediatric obesity prevention. While the biological mechanism for this has been postulated

for decades, research has only recently begun to describe the complex mechanisms

underpinning a developmental plasticity towards an obese childhood phenotype.13,34 Noting

that the growth curve in the first year of life is markedly different for infants of mothers who

were obese prior to pregnancy compared to those infants exposed to normal pre-pregnancy

BMI, it will be important for further research to better characterize whether interventions

during the pre-conception or in utero periods will be most effective for pediatric obesity

prevention.

This study has several limitations. As in any cohort study, the potential for residual

confounding exists. To minimize this possibility, we used a strict set of inclusion and

exclusion criteria to narrowly define our cohort that limits the generalizability of the

findings. However, this study used objective measurements for height and weight within 365

days of conception and represents an improvement over related studies, which previously

used self-reported pre-pregnancy BMI measures.8,35,36 The anthropometric measurements

were taken as a part of routine care, and not specifically for the purposes of this study.

Likewise all of the other variables of interest were abstracted from the EMR. As such, there

was no ability to validate these measurements prospectively. This is likely a non-differential

misclassification bias, however, and would likely bias the results towards the null. We also

had a relatively low number of mothers with class 3 obesity prior to pregnancy. Because of

our strict inclusion criteria, the final sample represented <10% of initial sample of maternal-

child pairs from the pediatric primary care clinic. This introduces the potential for a

selection bias. Finally, the population studied was from a single institution, and had a

relatively low percentage of Hispanic mothers, limiting the generalizability of our findings

for this group.

Conclusion

The interaction between maternal pre-pregnancy BMI and maternal gestational weight gain

shapes infant growth in the first year of life. Further work will clarify the complex

relationship between the underlying biological mechanisms that may predispose children to

develop obesity and the behavioral and environmental influences that may contribute to an

already dysregulated growth trajectory in infancy. What is clear, however, is that counseling

pregnant women, especially those that are already obese, about the importance of

appropriate gestational weight gain and post-partum weight loss represents an underutilized

opportunity for a public health intervention to prevent pediatric obesity.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What’s New

The combined effect of maternal obesity prior to pregnancy and excess maternal

gestational weight gain results in rapid infant weight gain and sustained dysregulation of

infant growth through the first year of life, suggesting new approaches to pediatric

obesity prevention.
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Figure 1.
Study Cohort of Maternal-Infant Dyads
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Figure 2.
The Interaction between Maternal Pre-Pregnancy BMI and Gestational Weight Gain on

Infant Growth.

Abbreviations: BMI=Body Mass Index (kg/m2); GWG=Gestational Weight Gain (kg)
Representative curves are shown from the adjusted generalized least square model to

illustrate that the shape of the infant growth curve is markedly different for infants of

mothers who were obese prior to pregnancy. There was a significant 2-way interaction

between GWG and maternal pre-pregnancy BMI (p=0.02). This interaction indicates that the

effect of maternal GWG on infant growth in the first year is modified by pre-pregnancy

BMI. The model was adjusted for estimated gestational age, exclusive breast-feeding for the

first 6 months of life, maternal age, number of previous pregnancies, maternal smoking,

levothyroxine use, hypertension, depression, insurance type, and gestational diabetes.
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Table 1

Baseline Characteristics.

Child Characteristics N(%) or Median (IQR)

Child Gender: Female 265 (53%)

Estimated Gestational Age (weeks) 39.4 (38.8, 40.3)

Birth Weight (kg) 3.4 (3.1, 3.7)

Exclusively Breast Fed for 6 months 95 (19%)

Year of Child Birth

2007 38 (8%)

2008 81 (16%)

2009 90 (18%)

2010 111 (22%)

2011 131 (26%)

2012 48 (10%)

Insurance Type

Private Insurance 257 (52%)

TN Medicaid 242 (48%)

Maternal Characteristics

Age at Child’s Birth (years) 28.0 (23.0, 32.5)

Number of Prior Live Births 2 (1, 3)

Race/Ethnicity

White, Non-Hispanic 259 (54%)

Black, Non-Hispanic 154 (32%)

Asian, Non-Hispanic 38 (8%)

Other, Non-Hispanic 2 (0%)

Hispanic 28 (6%)

Maternal Pre-Pregnancy BMI 25.6 (22.6, 31.1)

Maternal GWG (kg) 12.3 (7.3, 16.8)

Maternal Medical Conditions

Diagnosed with Depression 51 (10%)

Treated for HTN 14 (3%)

Gestational Diabetes 44 (9%)

Treated with Levothyroxine 18 (4%)

Tobacco Use During Pregnancy 46 (9%)

ETOH Use during pregnancy 18 (4%)

Illicit Drug Use during pregnancy 24 (5%)

Data are presented as N (%) or median (interquartile range).
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Table 2

Maternal Gestational Weight Gain by Pre-Pregnancy Body Mass Index and Institute of Medicine

Recommendations

Maternal Pre-
Pregnancy BMI

Number of
Mothers

IOM Recommended
Weight Gain (kg)

# Classified as
Excess Gestational
Weight Gain n(%)

Mean (SD) Gestational
Weight Gain for Mothers

with Excess GWG (kg)

< 18.5 8 12.5-18.0 3 (37.5%) 22.4 (3.0)

18.5-24.9 218 11.5-16.0 74 (33.9%) 20.7 (4.0)

25.0-29.9 131 7.0-11.5 72 (55.0%) 17.8 (4.9)

≥30.0 142 5.0-9.0 62 (43.7%) 15.8 (5.8)

Data are presented as N (%) or median (interquartile range).
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