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Abstract
Introduction  Excessive maternal gestational weight gain (GWG) is strongly correlated with childhood obesity, yet how 
excess maternal weight gain and gestational diabetes mellitus (GDM) interact to affect early childhood obesity is poorly 
understood. The purpose of this study was to investigate whether overall and trimester-specific maternal GWG and GDM 
were associated with obesity in offspring by age 6 years.
Methods  A cohort of 10,335 maternal-child dyads was established from electronic health records. Maternal weights at con-
ception and delivery were estimated from weight trajectory fits using functional principal components analysis. Kaplan–Meier 
curves and Cox regression, together with generalized raking, examined time-to-childhood-obesity.
Results  Obesity diagnosed prior to age 6 years was estimated at 19.7% (95% CI: 18.3, 21.1). Maternal weight gain during 
pregnancy was a strong predictor of early childhood obesity (p < 0.0001). The occurrence of early childhood obesity was 
lower among mothers with GDM compared with those without diabetes (adjusted hazard ratio = 0.58, p = 0.014). There was 
no interaction between maternal weight gain and GDM (p = 0.55). Higher weight gain during the first trimester was associated 
with lower risk of early childhood obesity (p = 0.0002) whereas higher weight gain during the second and third trimesters 
was associated with higher risk (p < 0.0001).
Discussion  Results indicated total and trimester-specific maternal weight gain was a strong predictor of early childhood 
obesity, though obesity risk by age 6 was lower for children of mothers with GDM. Additional research is needed to elucidate 
underlying mechanisms directly related to trimester-specific weight gain and GDM that impede or protect against obesity 
prevalence during early childhood.

Significance
Excessive maternal gestational weight gain (GWG) and gestational diabetes mellitus (GDM) have been linked to childhood 
obesity. Yet, research on how excessive total and trimester-specific GWG and GDM interact to affect early childhood obesity 
remains inconclusive. This study found that inadequate weight gain in the first trimester and excessive weight gain in the 
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second and third trimester were associated with higher risks of childhood obesity by age 6. No significant interaction between 
maternal GWG and GDM was noted suggesting that these two important maternal conditions do not have a combined effect 
on the risk of early childhood obesity.

Keywords  Gestational weight gain · Gestational diabetes mellitus · Childhood obesity · Pregnancy

Introduction

Of major public health concern are the dual child and 
adult obesity epidemics currently affecting over half of 
the United States (U.S.) population (Fryar et al., 2018; 
Hales et al., 2020). Obesity is a major risk factor for non-
communicable conditions that, in children and adoles-
cents, has been associated with early onset disease states 
such as hypertension (Brady, 2017) and type 2 diabetes 
(Pulgaron & Delamater, 2014). National health data from 
2015 to 2016 indicates that an estimated 35% of U.S. chil-
dren and adolescents meet criteria for overweight (16%) 
or obesity (19%) based on body mass index (BMI)-for-
age (85-95th percentile and ≥ 95th percentile respectively) 
(Fryar et al., 2018; Ogden, 2004). Most recently, a report 
from 2017 to 2020 found that obesity prevalence in youth 
(2–19 years) increased to 21.5% (Hu & Staiano, 2022). 
While childhood obesity is a multifactorial issue, there is 
strong evidence linking the intrauterine environment to the 
metabolic health risks of offspring (Chandler-Laney et al., 
2011; Tam et al., 2018). In particular, excessive maternal 
gestational weight gain (GWG) is strongly correlated with 
an increased incidence of overweight and obesity during 
the early childhood to adolescent years (Guo et al., 2015; 
Schack-Nielsen et al., 2010; Sridhar et al., 2014).

In 2009, the Institute of Medicine (IOM) published guide-
lines for optimal total and trimester-specific weight gain 
based on pre-pregnancy BMI (Institute of Medicine [IOM], 
2009). However, globally and in the U.S., women often 
exceed these recommendations, especially mothers who have 
overweight or obesity prior to pregnancy (Rogozińska et al., 
2019). A 2019 meta-analysis of 36 randomized controlled 
trials found that in a sample of 4429 mothers, 50% of women 
with pre- or early pregnancy overweight and 45% with pre- 
or early pregnancy obesity gained more weight than the IOM 
recommends as compared to only 19% of women with nor-
mal pre-pregnancy weight (Rogozińska et al., 2019). The 
study also found excessive GWG, regardless of pre- or early 
pregnancy weight status, was associated with an increased 
risk of having a large for gestational age infant. These find-
ings (Rogozińska et al., 2019) and others (Goldstein et al., 
2017) indicate that total GWG above the IOM recommen-
dations are predictive factors for childhood obesity. Yet, 
newer research suggests trimester-specific GWG may also 
influence the risk of childhood obesity, particularly exces-
sive weight gain in the first trimester (Margerison-Zilko 
et al., 2012). Studies commonly use total GWG to estimate 

childhood obesity outcomes (Goldstein et al., 2017), with 
fewer examining associations with trimester-specific GWG 
(Lu et al., 2019), thus highlighting a need for additional 
research on this topic.

Risk for childhood obesity has been well studied in the 
context of excessive GWG (Guo et al., 2015; Pham et al., 
2013; Schack-Nielsen et al., 2010; Sridhar et al., 2014). Yet, 
in evaluating the associations between maternal GWG and 
childhood obesity, an additional concern is in utero exposure 
to gestational diabetes mellitus (GDM). GDM is a condi-
tion of hyperglycemia diagnosed between 24 and 28 weeks’ 
gestation (American Diabetes Association, 2021) and occurs 
in approximately 2–10% of all U.S. pregnancies annually 
(Centers for Disease Control and Prevention, 2021). Stud-
ies have reported that in utero exposure to GDM promotes 
weight-related health risks for the fetus (e.g., fetal mac-
rosomia) and poor metabolic health outcomes (i.e., greater 
central adiposity and insulin secretion, low HDL-C) during 
early childhood (5–10 years of age) (Chandler-Laney et al., 
2012; Nahavandi et al., 2019). A recent meta-analysis that 
included more than half a million offspring found associa-
tions with GDM and offspring overweight which progres-
sively increased with age (Gao et al., 2022). Similarly, find-
ings from a multinational cohort study found that offspring 
(mean age 11.4 years) born to mothers with GDM had sig-
nificantly higher anthropometric (i.e., waist circumference, 
sum of skinfold thickness) and body fat measures compared 
to offspring born to mothers without GDM (Lowe et al., 
2018). Yet, there remains significant heterogeneity in the 
literature between study design, diagnostic criteria for GDM/
BMI, range of maternal age and BMI, and age at follow-up 
limiting between study comparisons (Gao et al., 2022). Also, 
pre-pregnancy BMI or peri-pregnancy BMI collected at sin-
gle time-points are often used to examine the relationship 
between maternal weight and GDM on childhood obesity 
(Lowe et al., 2018; Patro Golab et al., 2018). Fewer studies 
examine how total GWG and GDM interact to affect child-
hood obesity.

Thus, the purpose of this study is to examine the associa-
tions between total and trimester-specific maternal GWG 
during pregnancy on time-to-obesity in a cohort of offspring 
2–6 years of age. Additionally, this study will test whether 
the associations observed for total maternal GWG on time-
to-obesity in offspring differ by the mother’s GDM status 
confirmed during the pregnancy.
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Methods

Study Design and Setting

A retrospective cohort study of mother–child dyads was 
conducted. Participant data were de-identified and col-
lected from inpatient and outpatient electronic health 
records (EHR) (Epic Systems, Madison, WI) from Vander-
bilt University Medical Center, a major academic medical 
center in the Southeastern United States. This study was 
approved June, 26th, 2019 by the Institutional Review Board 
at Vanderbilt University Medical Center under a waiver of 
informed consent. This study followed the STROBE guide-
lines for reporting in cohort studies and the SAMPL guide-
lines for statistical reporting.

Participants and Study Procedures

Data were electronically extracted from the health records 
of mothers who gave birth to a child (linked to the moth-
er’s EHR data) between December 2005 and August 2019. 
Mother–child dyad data consisted of only EHR records 
that included: (1) index child with at least one pair of 
height–weight measurements after 2 years of age, (2) mother 
with at least one reported height measurement and one 
weight measurement during the year preceding the preg-
nancy up to the date of delivery. The first delivered child was 
included for mothers who delivered more than one child in 
separate pregnancies. In the case of multiple births from a 
single pregnancy, one child was randomly selected for inclu-
sion. Mothers with extreme weights (> 180 kg) or weight 
changes during pregnancy (> 70 kg) were excluded due to 
data quality concerns.

Out of 20,684 mothers and 25,284 linked children, a total 
of 10,335 mother–child dyads met inclusion criteria and 
were included in this study.

Definitions

Child BMI (kg/m2) was calculated using same day height 
and weight measurements. If same day measurements were 
missing for child height, data were imputed using the nearest 
height measurement within ± 3, ± 7, ± 14, or ± 30 days if the 
child’s age was < 90 days, 90–119 days, 120–729 days, and 
≥ 730 days respectively; approximately 35% of child heights 
required imputation in this manner. Child BMI measures 
were not included if there were no corresponding weight or 
height measures within the acceptable window.

Childhood obesity was defined as a BMI percentile ≥ 95th 
for age and sex using the U.S. Centers for Disease Control 
and Prevention (CDC) growth curves for ages 2 to 5 years 
(up to 6th birthday) (Flegal & Cole, 2013). A child (≥ 2 

years) was considered to have “obesity” on the first date they 
met the CDC growth curve endpoints for obesity.

To estimate maternal weight before pregnancy and weight 
changes during pregnancy, a functional principal compo-
nents analysis (FPCA) was implemented (Yao et al., 2005). 
The FPCA used all maternal weight data during pregnancy 
and the year preceding pregnancy, where the number and 
timing of weight measurements differed across mothers, to 
extract weight change patterns across the duration of the 
pregnancy for each mother. The use of FPCA allowed for 
the fit of a smooth, individual weight curve to each moth-
er’s weight data and obtain the estimated weight for each 
woman at the dates of conception and delivery in a setting 
where weight measurements at these time points were not 
always available. For women with unknown estimated length 
of pregnancy, maternal weight at conception and at deliv-
ery were extracted from the fitted FPCA curves at dates 1 
day and 273 days before delivery, respectively, from which 
weight change during pregnancy was computed. For those 
with validated data, the maternal weight at conception was 
extracted from the fitted FPCA curves at dates matching the 
estimated length of pregnancy. Trimester-specific weight 
changes were similarly extracted from the fitted FPCA 
curves.

Maternal BMI was calculated using the extracted weight 
at conception and the mother’s median height based on all 
her height measurements in the EHR. Extreme heights (≤ 50 
cm or ≥ 200 cm) and measurements recorded prior to 15 
years of age were excluded. Maternal diagnosis of GDM was 
based on corresponding ICD-9 and ICD-10 codes collected 
from EHR data (Wu et al., 2019).

Data Validation

Data were manually validated by a research nurse on a sub-
sample of 996 mother–child dyads. Records for validation 
were selected using a probabilistic (random) sample that 
attempted to minimize bias from error-prone EHR data and 
optimize the efficiency of the estimate of the association 
between maternal weight gain during pregnancy and child-
hood obesity. To optimize efficiency, mother–child dyads 
with children who developed obesity and mothers with par-
ticularly large or small weight gains during pregnancy were 
over-sampled. The registered nurse (author SP), a research 
nurse specialist employed at Vanderbilt University Medical 
Center, validated all study variables by thoroughly review-
ing the EHR, including medications, free text notes, and 
other data in the EHR that were not readily extractable by 
programmers who extracted the original dataset. For exam-
ple, the estimated length of pregnancy was not part of the 
original dataset, but was manually extracted from the EHR 
by the research nurse for all validated mother–child dyads. 
The EHR data available on all 10,335 mother–child dyads is 
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referred to as the phase 1 data and the validated data on the 
sub-sample of 996 mother–child dyads as the phase 2 data. 
Additional details on the validation sampling strategy and 
data validation procedures are described elsewhere (Shep-
herd et al., 2023).

Statistical Analysis

Analyses were performed in R statistical software (version 
3.6.3, R Foundation for Statistical Computing, Vienna, Aus-
tria) using the ‘survey’ package (Lumley, 2011). All analy-
ses, including all data presented in tables and figures, were 
based on validated phase 2 data for the 996 mother–child 
dyads but were weighted to be representative of the larger 
phase 1 study population of 10,335 mother–child dyads. 
Weights were based on the inverse probability of being 
sampled for validation. Demographic characteristics were 
summarized using median and interquartile range (IQR) for 
continuous variables and proportions for categorical vari-
ables. Variables of interest included: maternal age, maternal 
race/ethnicity, marital status, insurance status (private vs. 
not private), maternal weight gain during pregnancy (kg/
week), maternal pre-pregnancy BMI (kg/m2), smoking status 
during pregnancy (smoker vs. non-smoker), delivery type 
(vaginal vs. cesarean), number of prior live births, single-
ton (yes vs. no), maternal depression, and maternal diabetes 
diagnosis (none, gestational, vs. type 1/2), child sex, obesity 
status, and gestational age at birth (weeks).

The primary outcome was time-to-childhood-obesity. 
The cumulative probability of obesity from ages 2 to 6 was 
estimated using Kaplan–Meier curves and covariate associa-
tions were modeled using Cox proportional hazards regres-
sion. The hazard is the probability of having an event in 
a short period of time given that one has not yet had the 
event; it is sometimes referred to as the instantaneous event 
rate. Hazard ratios were used to present associations between 
predictors and the time to childhood obesity. Kaplan–Meier 
estimates and Cox models were weighted using inverse prob-
ability of validation weights that were augmented using gen-
eralized raking techniques to include information from the 
unvalidated phase 1 data to improve efficiency (Oh et al., 
2021). The resulting augmented inverse probability weighted 
(AIPW) estimators have the benefits of being based on the 
carefully validated data (i.e., minimal bias because based 
on validated data) but have improved efficiency (i.e., nar-
rower confidence intervals) over standard inverse probability 
weighted estimators because they are calibrated with unvali-
dated data (which tended to be highly correlated with the 
validated data) from the larger phase 1 cohort to improve 
precision. More details about the implementation of these 
AIPW are described elsewhere (Shepherd et al., 2023). In 
the primary Cox model, the risk associated with weight 
change during pregnancy was estimated using natural splines 

(3 knots) to allow for a potential non-linear relationship 
between this variable and the log-hazard of childhood obe-
sity. The non-linearity of the association was assessed using 
a likelihood ratio test. An additional likelihood ratio test was 
performed to assess the association between maternal weight 
change and time-to-childhood-obesity by comparing the full 
model (with all spline terms) versus a model that did not 
include maternal weight change. Additional models of child-
hood obesity investigated the interaction between maternal 
BMI and maternal weight gain during pregnancy, and the 
interaction between GDM and maternal weight gain during 
pregnancy. A model was also fitted that separately included 
weight gain during the first trimester and weight gain during 
the second and third trimesters. The model adjusted for all 
other variables except for weight change over the course of 
the pregnancy.

Results

Of the 10,335 eligible mother–child dyads with EHR data, 
996 were selected for chart review. Table 1 shows estimated 
characteristics of mother–child dyads in the larger study 
population (n = 10,335) based on the validated, chart review 
data. Estimated self-reported maternal race was 59% white, 
26% Black, 5% Asian, and 9% other; 14% self-reported as of 
Hispanic ethnicity. Median age at delivery was 27 years. An 
estimated 12.5% of mothers used tobacco during pregnancy, 
9.5% had a history of depression, 65% had no private insur-
ance, and 54% were married. An estimated 2.3% of mothers 
had Type 1 or 2 diabetes whereas 8% had GDM. The median 
number of prior live births was 1, and 36% of deliveries 
were via cesarean. The median estimated gestational age at 
delivery was 39 weeks. The vast majority (98%) of children 
were singletons and 52% were male.

Estimated median maternal BMI at conception was 26.7 
kg/m2 (IQR 22.6, 31.2); 61% of mothers were estimated to 
have overweight (BMI > 25 kg/m2) and 31% to have obe-
sity (BMI > 30 kg/m2). The estimated median weight gained 
per week during pregnancy was 0.28 kg (IQR 0.24, 0.35), 
corresponding to approximately 11 kg gained during preg-
nancy (IQR 9.2, 13.8). The estimated median weight gains 
in trimesters 1, 2, and 3 were 0.67 kg (IQR 0.32, 1.20), 4.47 
kg (IQR 3.90, 5.24), and 5.77 kg (4.90, 6.97), respectively. 
The estimated percentage of children diagnosed with obe-
sity prior to their 6th birthday was 19.7% (95% confidence 
interval [CI] 18.3, 21.1).

Figure 1 shows the estimated incidence of childhood 
obesity during ages 2–6 by maternal weight gain, based on 
IOM classifications of inadequate, adequate, and excessive 
weight gain. At age 6 years, 26.5% and 25.3% of children 
from women with excessive (53.4% of mothers) or ade-
quate (19.8% of mothers) weight gain during pregnancy, 
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respectively, were estimated to have obesity, whereas 18.9% 
of children from mothers with inadequate pregnancy weight 
gain (26.9% of mothers) were estimated to have obesity 
(p < 0.001).

Table 2 shows the associations between potential predic-
tors and childhood obesity in the primary analysis model. 
Holding all other factors constant, including estimated 
maternal BMI at conception, maternal weight gain dur-
ing pregnancy was a strong predictor of childhood obesity 
(likelihood ratio p-value < 0.0001), with solid evidence 
of a non-linear relationship (likelihood ratio test for non-
linearity, p = 0.007). The occurrence of childhood obesity 
was similar for women who gained less than an average of 
0.3 kg/wk (corresponding to 11–12 kg weight gain during 
pregnancy [time between estimated conception and birth], 
approximately the median in this study’s cohort), but was 
higher for larger maternal weight gains. For example, com-
pared to a woman who gained 0.2 kg/wk during pregnancy, 
the estimated hazard of childhood obesity was similar for 
a woman who did not gain any weight during pregnancy 
(adjusted hazard ratio [aHR] = 1.12, 95% CI 0.88–1.43), 20% 

higher for a woman who gained 0.4 kg/wk (aHR = 1.20, 95% 
CI 1.03–1.39), and 66% higher for a woman who gained 0.6 
kg/wk (aHR = 1.66, 95% CI 1.32–2.09). Figure 2 shows the 
predicted probability of childhood obesity as a function of 
the average maternal weight gain during pregnancy. Holding 
all other covariates at their medians/modes, the children of 
women who gained on average 0.25 kg/wk over the course 

Table 1   Estimated summary measures of mother–child characteris-
tics meeting eligibility criteria

Categorical variables presented as percentages
∗Continuous variables presented as median (interquartile range)

Variable Median (IQR)/percentage*

Body mass index at conception (kg/m2) 26.7 (22.6, 31.2)
Average maternal weight gain per week 

during pregnancy (kg/wk)
0.28 (0.24, 0.35)

Maternal age at delivery (years) 27.8 (23.0, 31.8)
Maternal race
 Asian 5.3%
 White 59.1%
 Black 26.3%
 Other 9.3%

Maternal Hispanic ethnicity 14.1%
Maternal diabetes
 None 89.5%
 Type I/II 2.3%
 Gestational 8.1%

Tobacco use during pregnancy 12.5%
History of maternal depression 9.5%
No private insurance 64.8%
Married 53.7%
Number of prior live births 1 (0, 1)
Cesarean delivery 36.4%
Gestational age (weeks) 39.1 (38.1, 40.1)
Male child sex 52.4%
Singleton child 97.5%
Child obesity by age 5 years 19.7%
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Fig. 1    Cumulative incidence of childhood obesity between 2 and 6 
years of age. Separate cumulative incidence curves are shown based 
on whether mothers had inadequate gestational weight gain, adequate 
gestational weight gain, or excessive gestational weight gain based on 
the 2009 Institute of Medicine Guidelines, accounting for pre-preg-
nancy BMI

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0.
10

0.
15

0.
20

0.
25

Estimated Maternal Weight Change (kg/wk)

P
ro

ba
bi

lit
y

of
O

be
si

ty
pr

io
r

to
A

ge
6

Ye
ar

s

Fig. 2   Predicted probability of child obesity prior to age 6 years from 
the primary adjusted Cox regression model, as a function of the esti-
mated maternal weight gain during pregnancy. All other covariates 
are set to their median or mode levels
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of their pregnancy (approximately the 33rd percentile in the 
study’s cohort) had a predicted probability of developing 
obesity prior to age 6 of 0.125 (95% CI 0.10, 0.15) compared 
with 0.167 (95% CI 0.13, 0.20) for someone who gained on 
average 0.5 kg/wk (approximately the 95th percentile in the 
study’s cohort).

Estimated maternal BMI at conception was also highly 
predictive of childhood obesity. Holding all other factors 
constant, the child from a mother with a 5 kg/m2 greater 
BMI at conception had a 36% higher hazard of develop-
ing obesity (aHR = 1.36; 95% CI 1.28, 1.44; p < 0.0001). In 
a separate model, an interaction term was included to see 
if the association between maternal weight change during 
pregnancy and risk of childhood obesity varied according 
to the mother’s estimated BMI at conception; the interaction 

was not statistically significant (p = 0.23), so results reported 
in Table 2; Fig. 2 assume additive effects.

The estimated hazard of childhood obesity was 42% lower 
for mothers with GDM compared with those without diabe-
tes (aHR = 0.58; 95% CI 0.38, 0.89; p = 0.014). There was 
no evidence of an interaction between maternal weight gain 
and GDM (p = 0.55). There was also no evidence of an asso-
ciation between Type 1 or 2 diabetes and childhood obesity 
(aHR = 0.84; 95% CI 0.50, 1.40; p = 0.51).

Other factors associated with an increased risk of child-
hood obesity included Hispanic ethnicity, tobacco use during 
pregnancy, no private insurance, and being married. Other 
factors not associated with an increased risk of childhood 
obesity included maternal history of depression, prior num-
ber of live births, mode of delivery (cesarean), gestational 
age, male gender at birth, or having a singleton pregnancy 
(Table 2).

In the model evaluating trimester-specific maternal GWG, 
higher weight gain during the first trimester was associated 
with a lower risk of childhood obesity (aHR = 0.77 for a 
1 kg difference; 95% CI = 0.68, 0.88; p = 0.0002) whereas 
higher weight gain during the combined second and third 
trimesters was associated with a higher risk of childhood 
obesity (aHR = 1.53 for a 5 kg difference; 95% CI = 1.24, 
1.89; p < 0.0001). There was no evidence of an interaction 
between these two variables (p = 0.66). There was evidence 
of interactions between maternal BMI at conception and tri-
mester-specific weight gains on the occurrence of childhood 
obesity (p = 0.001 for interaction with first trimester weight 
gain, p = 0.023 for interaction with combined second and 
third trimesters). Comparing children from two women with 
pre-pregnancy BMI of 20 kg/m2 and identical covariates, the 
child from a woman who gained 1 kg more during the first 
trimester was estimated to have a 2% increased hazard of 
childhood obesity. If these two women had pre-pregnancy 
BMI of 30 kg/m2, then the child from a woman who gained 
1 kg more during the first trimester would be estimated to 
have a 15% decreased hazard of obesity. A 5 kg increased 
weight gain during the combined second and third trimes-
ters was associated with 16% and 39% increased hazards of 
childhood obesity for mothers with BMI of 20 and 30 kg/
m2, respectively.

Discussion

This retrospective cohort of 10,335 mother–child dyads, of 
whom 996 had their charts validated, demonstrated that a 
higher rate of total maternal GWG was associated with a 
higher risk of childhood obesity by age 6, after controlling 
for important covariates like pre-pregnancy BMI. The data 
on trimester-specific weight gain showed that inadequate 
weight gain in the first trimester and excessive weight gain 

Table 2   Estimated hazard ratios for childhood obesity by age 6 years

∗There was evidence of a non-linear association between average 
maternal weight gain per week during pregnancy and the log-hazard 
of childhood obesity (p = 0.007); therefore, HR for this variable are 
shown for a few select values and compared against the reference 
value of 0.2 kg/wk

Variable Hazard ratio 95% CI p-value

BMI at conception (per 5 kg/m2) 1.36 1.28, 1.44 < 0.0001
Average maternal weight gain 

per week during pregnancy 
(kg/wk)*

< 0.0001

  0 1.12 0.88, 1.43
  0.2 (reference) 1
  0.4 1.20 1.03, 1.39
  0.6 1.66 1.32, 2.09
Maternal age at delivery (per 

10 yrs)
1.17 0.95, 1.44 0.15

Maternal race
  White (reference) 1
  Asian 1.10 0.67, 1.81 0.69
  Black 0.78 0.60, 1.01 0.060
  Other 1.04 0.75, 1.44 0.80
Maternal Hispanic ethnicity 2.61 1.97, 3.46 < 0.0001
Maternal diabetes
  None (reference) 1
  Type I/II 0.84 0.50, 1.40 0.51
  Gestational 0.58 0.38, 0.89 0.014
Tobacco use during pregnancy 1.58 1.14, 2.20 0.006
History of maternal depression 0.84 0.59, 1.19 0.32
No private insurance 1.82 1.39, 2.38 < 0.0001
Married 1.37 1.06, 1.77 0.017
Number of prior live births 

(per 1)
0.92 0.83, 1.02 0.13

Cesarean delivery 1.19 0.97, 1.46 0.087
Gestational age (per wk) 1.03 0.99, 1.07 0.15
Male child sex 0.86 0.71, 1.05 0.14
Singleton child 1.02 0.55, 1.92 0.94
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in the second and third trimester were associated with higher 
risks of childhood obesity by age 6. Mothers with GDM 
had a 42% lower hazard for childhood obesity compared 
to mothers without GDM, controlling for a wide range of 
potential confounders. Finally, there was not a statistically 
significant interaction between maternal GWG and GDM. 
Taken together, these data indicate that maternal weight 
gain, including trimester-specific weight gain, remains 
an important factor for predicting childhood obesity and 
should be monitored and discussed throughout the course 
of a pregnancy.

The results of this study are consistent with previous 
research on excessive weight gain during pregnancy and 
increased risk for childhood obesity. In a recent meta-anal-
ysis of 37 international pregnancy and birth cohort studies, 
the proportion of childhood overweight/obesity that was 
attributed to excessive GWG in mothers ranged from 11.4% 
in early childhood (2–5 years), 15.4% in mid-childhood 
(5–10 years), and 19.2% in late childhood (10–18 years) 
(Voerman et al., 2019). The study examined varying child 
age ranges and found that overweight/obesity prevalence 
increased with age with the highest prevalence observed in 
late childhood between 10 and 18 years (OR 1.72 [95% CI: 
1.56, 1.91]) (Voerman et al., 2019).

The data from this current analysis adds a more 
nuanced understanding of the relationship between mater-
nal GWG and early childhood obesity. First, this study 
used a cohort design to evaluate incident obesity, which 
strengthens causal inference compared to previous cross-
sectional analyses. In addition, the analytic approach and 
sufficient sample size allowed for the detection of a non-
linear association between total maternal GWG and the 
risk of childhood obesity. Finally, the specific focus on 
trimester-specific weight gain and childhood obesity is an 
important contribution to this body of work, particularly 
given the current IOM recommendations for GWG based 
on pre-pregnancy BMI. In cases where pregnant mothers 
are overweight or obese at the start of pregnancy, the IOM 
recommends no more than 25 pounds and 20 pounds of 
weight gain respectively (IOM, 2009). In this study, the 
average maternal BMI at conception was 26.7 kg/m2 (i.e., 
overweight) which is unsurprising given that roughly 48% 
of U.S. women have either overweight or obesity at the 
start of their pregnancies (Dudenhausen et al., 2015). This 
study found that having a higher maternal BMI at the start 
of pregnancy was highly predictive of offspring developing 
childhood obesity. This highlights a major public health 
challenge linked to both increased economic costs (Moran 
et al., 2020) and adverse maternal and offspring outcomes 
(Goldstein et  al., 2017; Rogozińska et  al., 2019) that 
begin in the pre-pregnancy period. Currently, the Ameri-
can College of Obstetrics and Gynecology recommends 
strategies for weight control counseling prior to pregnancy 

(e.g., motivational interviewing to promote dietary modi-
fications and exercise for weight loss) (Sagi-Dain, 2021). 
However, there remains a lack of high-quality evidence 
to support an optimal lifestyle intervention, resulting in 
clinicians having little guidance on what strategies are 
most appropriate to recommend to reduce pre-pregnancy 
weight (Stephenson et al., 2018). Moreover, existing pub-
lic health programs (e.g., Supplemental Nutrition Program 
for Women, Infants, and Children) that provide nutrition 
support only offer assistance during the perinatal or post-
natal period and are not focused on modifying diet to pro-
mote a healthy weight prior to pregnancy (United States 
Department of Agriculture, 2020). Thus, understanding 
the specific timing and magnitude of how maternal weight 
gain affects early childhood obesity could help shape the 
timing and content of future interventions and public 
health policies designed to support healthy weight gain 
for mothers and children.

In this study, GDM was inversely associated with the 
incidence of childhood obesity and maternal weight gain 
did not appear to influence the relationship between GDM 
and childhood obesity. These findings are consistent with a 
similar retrospective cohort study of EHR data from a large 
hospital system in the U.S. by Pham and colleagues (2013) 
which reported no significant differences in BMI percentiles 
for 2–4 year olds born to mothers with GDM compared to 
those without GDM. In contrast, other studies have noted a 
significant relationship between maternal GDM and child-
hood obesity risk. Obesity risk has been shown to increase 
sequentially with age, more so during mid-childhood (Gao 
et al., 2022). In two large cohort studies, GDM was associ-
ated with childhood obesity roughly within the first decade 
of life (Hillier et al., 2016; Lowe et al., 2018). However, in 
this study, excess maternal GWG and fetal exposure to GDM 
did not significantly influence the risk for childhood obesity 
by age 6 years. One plausible explanation is that pre-preg-
nancy factors may alternatively influence the risk for early 
childhood obesity. For example, a recent cohort study found 
that having either pre-pregnancy obesity or pre-pregnancy 
obesity and GDM strongly predicted early childhood obe-
sity (up to age 5 years) (Choi et al., 2022). Yet, other cohort 
studies have reported either no association or an attenuated 
association between GDM and childhood obesity risk when 
controlling for pre-pregnancy BMI (Ehrenthal et al., 2013; 
Pham et al., 2013). Collectively, these findings suggest that 
pre-pregnancy BMI may exert a greater influence on later 
childhood obesity risk compared with perinatal factors alone 
such as GDM. Given the lack of scientific consensus on this 
topic and the continued heterogeneity within the literature, 
future mechanistic studies are required to clarify what fac-
tors may be responsible for childhood obesity in the presence 
of fetal GDM exposure.
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This study had several strengths. It was performed in a 
large population of linked mothers and children in the South-
eastern U.S., where the obesity epidemic is particularly bur-
densome (Conway et al., 2018). Data were extensively vali-
dated on a targeted, but probabilistically selected, subsample 
of nearly one thousand mother–child dyads. Cutting-edge 
analysis techniques were applied to combine the validated 
data with data from the larger cohort to improve the power 
and accuracy of the study estimates.

There were also several study limitations. First, the study 
is subject to natural limitations that come from using rou-
tinely collected data from the EHR. For example, the tim-
ing of maternal weight measurements was not necessarily 
consistent across subjects so weight gain during pregnancy 
had to be estimated using statistical techniques. Similarly, to 
calculate child BMI, 35% of child heights had to be imputed 
using a height taken on a nearby, but not the same, date 
as their weight measurement. The corrective analysis deci-
sions are reasonable and based on sound statistical proce-
dures but may yield different results than would have been 
obtained had data been prospectively collected in a system-
atic manner. Second, it is possible that child weight fluc-
tuations occurred throughout the timeline of possible obe-
sity diagnosis (≥ 2 years based on CDC BMI criteria) and 
children who were initially considered to have obesity may 
have reverted to a normal weight category. Thus, it is pos-
sible that childhood obesity may have been overestimated. 
Third, data were not collected on the use of medications to 
treat GDM (e.g., insulin, metformin). Metformin crosses the 
placenta and has been associated with lower birth weight, 
but higher BMI in mid-childhood (5–9 years) compared to 
treatment with insulin (Tarry-Adkins et al., 2019, 2020). 
Therefore, it could not be determined how medication use 
and GDM interact to affect childhood obesity. Finally, as 
with all cohort studies, particularly those using passive data 
collection through EHR, the potential for residual confound-
ing variables exists, which may have biased the results in an 
unpredictable manner.

Conclusion

Using a large EHR data set of 10,335 mother–child dyads, 
of which 996 had their records validated, maternal weight 
gain during pregnancy was found to be a strong predictor of 
childhood obesity during the first 6 years of life. This study 
also found that both excessive maternal weight gain in the 
second and third trimesters and inadequate weight gain dur-
ing the first trimester were predictive of childhood obesity. 
Lastly, GDM was associated with lower risk of childhood 
obesity in this study. As researchers continue to understand 
more about which gestational factors influence childhood 
obesity, additional research is needed to elucidate underlying 

mechanisms directly related to trimester-specific weight gain 
and GDM that may impede or protect against obesity preva-
lence in children.
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