D>, International Journal of Epidemiology, 2020, 1682—1690
lr \\ doi: 10.1093/ije/dyaa110
\‘VI Advance Access Publication Date: 24 August 2020

International Epidemiological Association 0 rlgl nal article

Miscellaneous

Gestational weight gain, birthweight and
early-childhood obesity: between- and
within-family comparisons

Sylvia E Badon ® *, Charles P Quesenberry, Fei Xu, Lyndsay A Avalos
and Monique M Hedderson

Kaiser Permanente Northern California Division of Research, Oakland, CA, USA

*Corresponding author. Kaiser Permanente Northern California Division of Research, 2000 Broadway, Oakland CA, USA.
E-mail: sylvia.e.badon@kp.org

Editorial decision 26 May 2020; Accepted 28 May 2020

Abstract

Background: Associations of excessive gestational weight gain (GWG) with greater birth-
weight and childhood obesity may be confounded by shared familial environment or
genetics. Sibling comparisons can minimize variation in these confounders because sib-
lings grow up in similar environments and share the same genetic predisposition for
weight gain.

Methods: We identified 96 289 women with live births in 2008-2014 at Kaiser
Permanente Northern California. Fifteen percent of women (N= 14 417) had at least two
births during the study period for sibling analyses. We assessed associations of GWG
according to the Institute of Medicine (IOM) recommendations with birthweight and obe-
sity at age 3years, using conventional analyses comparing outcomes between mothers
and sibling analyses comparing outcomes within mothers, which control for stable
within-family unmeasured confounders such as familial environment and genetics. We
used generalized estimating-equations and fixed-effects models.

Results: In conventional analyses, GWG above the IOM recommendations was associ-
ated with 88% greater odds of large-for-gestational age birthweight [95% confidence in-
terval (CI): 1.80, 1.97] and 30% greater odds of obesity at 3years old (95% ClI: 1.24, 1.37)
compared with GWG within the IOM recommendations. In sibling analyses, GWG above
the IOM recommendations was also associated with greater odds of large-for-gestational
age [odds ratio (OR): 1.36; 95% Cl: 1.20, 1.54], but was not associated with obesity at
3years old (OR=0.98; 95% CI: 0.84, 1.15).

Conclusions: GWG likely has a direct impact on birthweight; however, shared environ-
mental and lifestyle factors within families may play a larger role in determining early-
childhood weight status and obesity risk than GWG.
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Key Messages

BMI or obesity at 3years old in sibling analyses.

* Gestational weight gain (GWG) above Institute of Medicine (IOM) recommendations was associated with greater
birthweight using a conventional approach comparing pregnancies between mothers and using a sibling analysis
controlling for stable within-family confounders, such as familial environment and genetics.

* GWG above IOM recommendations was associated with greater body mass index (BMI) and greater odds of obesity
at 3years old using a conventional approach comparing pregnancies between mothers, but was not associated with

* GWG may directly impact birthweight; however, shared environmental and lifestyle factors and genetics within fami-
lies may play a larger role in determining childhood weight status than GWG.

Introduction

Previous studies have reported associations between high
gestational weight gain (GWG) and greater risk of high
birthweight'™ and childhood obesity.*~'° Mechanisms
related to in utero exposure to over-nutrition, insulin re-
sistance and fetal programming of obesity may underlie
these previously observed associations.'™!'> However,
these observed associations may also be explained by
unmeasured confounding. Characteristics, such as envi-
ronment, lifestyle behaviours and genetics, that influence
a mother’s weight and her GWG may have a similar in-
fluence on her child’s birthweight and postnatal weight
gain in childhood and beyond. These shared characteris-
tics are difficult to accurately measure and control for us-
ing observational data, which results in residual
confounding.

A sibling study design addresses confounding by
shared familial characteristics that affect weight in a
mother and her child, even if they are unmeasured.
GWG, birthweight and childhood obesity can be com-
pared across pregnancies to the same mother to control
for unmeasured confounding factors that remain stable
across time at the family level. However, this approach
greatly reduces the sample size because it limits the study
population to siblings and exaggerates bias due to
unmeasured familial characteristics that change between
pregnancies.'? Several previous studies using a sibling de-
sign have reported associations of higher GWG with
greater birthweight,'*'® but few studies in contemporary
cohorts have used a sibling design to assess the associa-
tions of GWG with early-childhood weight and obesity.
The objective of this study was to assess associations of
high GWG with birthweight and early-childhood obesity
at 3years old, integrating results from a conventional ap-
proach comparing pregnancies between mothers and a
sibling-analysis approach comparing pregnancies within
mothers.

Methods
Study setting

This study was conducted within Kaiser Permanente
Northern California (KPNC), an integrated healthcare-
delivery system that provides medical care for about one-
third of the population in the Northern California region.
KPNC members are representative of the underlying popu-

lation of this region.'”

Data collection

Data were extracted from KPNC electronic health records
and included data collected during routine primary-care,
prenatal-care and paediatric-care visits. This study was ap-
proved by the KPNC and the state of California institu-
tional review board. The requirement for informed consent

was waived.

GWG
Pre-pregnancy weight was defined as the last measured
weight before conception up to 12 months prior to preg-
nancy (79% of analytic sample). If measured weight in the
12 months prior to pregnancy was not available, self-
reported pre-pregnancy weight (14% of analytic sample)
or measured weight before 10 weeks of pregnancy (7% of
analytic sample) was used. Pre-pregnancy body mass index
(BMI) was categorized using standard cut-points: under-
weight: <18.5kg/m?, normal weight: 18.5-24.9 kg/m?,
overweight: 25-29.9kg/m?, obese: >30kg/m*.'® Total
GWG was calculated as the difference between the last
measured prenatal weight within 4 weeks before delivery
and the pre-pregnancy weight. Total GWG was catego-
rized according to the 2009 Institute of Medicine (IOM)
GWG 28-401bs for

women, 25-351bs for normal-weight women, 15-25lbs

recommendations: underweight

for overweight women, 11-20 Ibs for obese women."'”
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Birthweight outcomes

Birthweight was collected from the electronic health re-
cord. Gestational age at birth was estimated based on first-
trimester ultrasound data. Birthweight z-scores and percen-
tiles were calculated using 2017 US sex-specific birth-
weight references curves.”’ We examined the distribution
of birthweight and birthweight z-scores and did not ex-
clude any infants for implausible birthweight-for-
gestational-age values. Small-for-gestational age (SGA)
was defined as birthweight <10th percentile for sex and
gestational age. Large-for-gestational age (LGA) was de-
fined as birthweight >90th percentile for sex and gesta-

tional age.

BMI at 3 years old outcomes

Weight and height measured within 3 months of a child’s
third birthday were used to calculate the BMI at 3years
old. BMI z-scores and percentiles were calculated using the
2000 sex-specific Centers for Disease Control and
Prevention Growth Charts for the USA.>' We examined
the distribution of weight, height and BMI z-scores at
3years old and did not exclude any children for implausi-
ble BMI z-score values. Childhood obesity was defined as
BMI >95th percentile for age.

Covariates

Maternal age, race/ethnicity, parity, education and insur-
ance type at delivery were obtained from the electronic
health record. Maternal race/ethnicity and parity were con-
firmed against California birth-certificate data. Smoking
during pregnancy was based on self-report of smoking on a
self-administered Prenatal Substance Use Screening
Questionnaire completed at entry into prenatal care and

recorded in the electronic health record.

Study sample

KPNC members with at least one term live, singleton birth
from 2008 to 2014 were identified from the KPNC elec-
tronic health-record database (N=223974 births among
184 148 women). For women with missing data for the ex-
posure or covariates (7.8% missing IOM GWG category,
7.3% missing pre-pregnancy BMI, 7.2% missing smoking,
2.4% missing insurance type, 1.7% missing parity, 0.2%
missing race/ethnicity), we used multiple imputation using
the Markov Chain Monte Carlo method under the assump-
tion of multivariate normality with 50 imputations to im-
pute GWG according to IOM recommendations, pre-
pregnancy BMI, race/ethnicity, parity, education, insur-
ance type and smoking. After imputation, we excluded
mother—child pairs with missing data for outcomes
(N=4109

missing  birthweight-for-gestational  age

category and N =110 624 missing obesity status at 3 years
old),?? for a total of 111482 mother—child pairs (96289
women). Of these, 14417 mothers had at least two term,
live singleton births from 2008 to 2014 (N=29610
mother—child pairs). Characteristics of pregnancies ex-
cluded due to missing outcome data are presented in
Supplementary Table 1, available as Supplementary data
at IJE online.

For sibling analyses of dichotomous outcomes, the ana-
lytic sample was restricted to mothers with discordant out-
comes (N=23499 mother—child pairs, 1689 mothers for
SGA; 5076 mother—child pairs, 2421 mothers for LGA;
3881 mother—child pairs, 1862 mothers for obesity status
at 3 years old).

Statistical analyses

Descriptive statistics are presented for mother—child pairs
in the overall analytic cohort and in each of the discordant
outcomes analytic cohorts and additionally presented sepa-
rately for the first and second pregnancy during the study
period in each of the four analytic cohorts. Mean and stan-
dard deviation were used to describe the distribution of
continuous variables. Frequency and percentage were used
to describe categorical variables.

We assessed associations of GWG categorized accord-
ing to the IOM recommendations with outcomes using
two approaches. First, we used generalized estimating-
equations models accounting for the non-independence of
outcomes in siblings. Linear regression was used to esti-
mate mean differences and 95% confidence intervals (CIs)
in birthweight z-score and BMI z-score at 3years old.
Logistic regression was used to estimate the odds ratios
(ORs) and 95% ClIs for SGA, LGA and obesity status at
3years old. Second, we used fixed-effects regression mod-
els to control for within-family unmeasured confounders
that remain constant across pregnancies, such as environ-
mental factors and genetics. Fixed-effects linear models
were used to estimate the mean differences and 95% ClIs in
birthweight z-score and BMI z-score at 3 years old within
siblings. Conditional logistic regression was used to esti-
mate ORs and 95% ClIs for SGA, LGA and obesity at
3 years old within siblings with discordant outcomes.

For both approaches, we adjusted for confounders at
the level of each individual pregnancy: gestational age at
delivery (weeks), maternal race/ethnicity (non-Hispanic
White, non-Hispanic Black, non-Hispanic Asian/Pacific
Islander, Hispanic, other; implicitly in fixed-effects mod-
els), maternal age at delivery (years), maternal pre-
pregnancy BMI (kg/m?), nulliparity (yes, no), smoking dur-
ing pregnancy (yes, no), Medicaid coverage at delivery
(yes, no), maternal education (years) and child’s sex.
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A multiplicative interaction term between the IOM
GWG category and the pre-pregnancy BMI category was
included in the model for each outcome to evaluate the
effect-measure modification of the associations of the IOM
GWG category with the outcomes by pre-pregnancy BMI
category. In separate models, a multiplicative interaction
term between the IOM GWG category and pregnancy or-
der was included in the model for each outcome to test
that the GWG and the outcome of the first pregnancy did
not affect the GWG and outcome of the next pregnancy
(carry-over effects).”> We repeated generalized estimating-
equations analyses in the discordant outcomes analytic
cohorts to evaluate whether differences in the analytic pop-
ulation were contributing to differences between the gen-
eral estimating-equations approach comparing pregnancies
between mothers and the fixed-effects approach comparing
pregnancies within mothers. We conducted a sensitivity
analysis limited to pregnancies with a measured pre-
pregnancy weight and a measured weight <2 weeks before
delivery.

Regression models were run using each imputed data
set. Results were combined using Rubin’s rules.”* Analyses
were conducted in SAS version 9.4 (SAS Institute Inc.,
Cary, NC, USA).

Results

Our overall analytic cohort was 38% non-Hispanic White,
26% non-Hispanic Asian/Pacific Islander, 25% Hispanic, 6%
non-Hispanic Black and 5% other race/ethnicity (Table 1).
Twenty-four percent of women gained below the IOM GWG
recommendations (GWG<IOM), 33% gained within the rec-
ommendations (GWG=IOM) and 43% gained above the rec-
ommendations (GWG>IOM). Characteristics of mother—
child pairs excluded due to missing outcomes were similar to
those of mother—child pairs included in the overall analytic co-
hort (Supplementary Table 1, available as Supplementary data
at IJE online).

Most mothers in the overall analytic cohort had one birth
during our study period (85%) and did not contribute to sib-
ling analyses. Fourteen percent of women had two pregnancies
during our study period and 1% had three or more pregnancies
(maximum = 5 pregnancies). On average, there was a 2.7-year
difference between a woman’s first and second pregnancies in
our cohort (Table 2). The majority (78%) of women were nul-
liparous during their first pregnancy in our cohort. Women
had less GWG, were less likely to have GWG>IOM and were
less likely to be overweight or obese prior to pregnancy in their
second pregnancy. The distribution of race/ethnicity and pre-
pregnancy BMI categories was different between women in-
cluded in the overall analytic cohort and those included in the
discordant outcome analytic cohorts (Supplementary Table 2,

Table 1. Characteristics of term pregnancies with a singleton
live birth, Kaiser Permanente Northern California 2008-2014
(N=111 482 mother—child pairs)

Characteristics
Maternal age at delivery (years), mean (SD) 30.8 (5.4)
Gestational age at delivery (weeks), mean (SD) 39.2 (1.1)
Race/ethnicity, 7 (%)
Non-Hispanic White 42137 (38)
Asian/Pacific Islander 28 470 (26)
Hispanic 27 933 (25)
Black 6912 (6)
Other 5949 (5)
Missing 81
Pre-pregnancy BMI category, # (%)
Underweight 2684 (3)
Normal weight 52125 (49)
Overweight 28261 (27)
Obese 22 416 (21)
Missing 5996
Nulliparous, 7 (%) 53267 (48)
Smoked during pregnancy, # (%) 2821 (3)
Missing 7230
Medicaid coverage at delivery, n (%) 5340 (5)
Missing 1345
Maternal education (years), mean (SD) 15.0 (2.3)
Missing 18 424
Female child, 7 (%) 54 775 (49)
Total gestational weight gain (kg), mean (SD) 13.8 (6.3)
Missing 5805
IOM gestational-weight-gain category, 7 (%)
Below IOM 25335 (24)
Within [OM 34 563 (33)
Above IOM 45142 (43)
Missing 6442
Child’s birthweight, mean (SD) 3445 (460)
Child’s birthweight category, 7 (%)
Small-for-gestational age 10 704 (10)
Appropriate-for-gestational age 89 727 (80)
Large-for-gestational age 11051 (10)
Child’s BMI at 3 years old (kg/m?), mean (SD) 16.3(1.6)
Child’s obesity status at 3 years old, 7 (%) 10433 (9)

BMI, body mass index; IOM, Institute of Medicine; SD, standard deviation.

available as Supplementary data at IJE online), but similar dif-
ferences in GWG and pre-pregnancy overweight/obesity were
observed between the first and second pregnancies included in
the discordant outcome analytic cohorts and those in the over-
all sibling cohort (Supplementary Table 3 to 5, available as
Supplementary data at IJE online).

Birthweight

Using all mother—child pairs in our cohort, accounting for
the correlation of outcomes between siblings, GWG<IOM
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Table 2. Characteristics of first and second pregnancies in the
sibling cohort (N=14417 mothers), Kaiser Permanente
Northern California 2008-2014

First Second
pregnancy pregnancy
Maternal age at delivery (years), 29.3 (4.6) 32.0 (4.6)
mean (SD)
Gestational age at delivery (weeks), 39.3(1.1) 39.1(1.0)
mean (SD)
Race/ethnicity, 7 (%)

Non-Hispanic White 5998 (42)

Asian/Pacific Islander 3821 (27)

Hispanic 3177 (22)

Black 638 (4)

Other 779 (5)

Missing
Pre-pregnancy BMI category, 7 (%)

Underweight 377 (3) 274 (2)

Normal weight 7330 (55) 6775 (47)

Overweight 3370 (25) 4038 (28)

Obese 2363 (18) 3195 (22)

Missing 977 135
Nulliparous, 7 (%) 11204 (78) 0(0)
Smoked during pregnancy, 7 (%) 319 (2) 145 (1)

Missing 1011 656
Medicaid coverage at delivery, n (%) 485 (3) 790 (6)

Missing 140 124
Maternal education (years), mean 15.3(2.2) 15.4 (2.1)

(SD)

Missing 2375 2355
Female child, 7 (%) 7453 (52) 7282 (51)
Total gestational weight gain (kg), 14.7 (6.2) 12.6 (5.8)

mean (SD)

Missing 913 183
IOM gestational-weight-gain cate-

gory, n (%)

Below IOM 2747 (21) 4091 (29)

Within IOM 4486 (33) 4963 (35)

Above IOM 6169 (46) 5168 (36)

Missing 1015 195
Child’s birthweight (g), mean (SD) 3425 (449) 3519 (449)
Child’s birthweight category, 7 (%)

Small-for-gestational age 1532 (11) 881 (6)

Appropriate-for-gestational age 11737(81) 11712 (81)

Large-for-gestational age 1148 (8) 1824 (13)
Child’s BMI at 3 years old (kg/m?), 16.3 (1.5) 16.3 (1.5)

mean (SD)

Child’s obesity status at 3 years old, 1268 (9) 1133 (8)

(%)

BMI, body mass index; IOM, Institute of Medicine; SD, standard deviation.

was associated with 0.25 units lower birthweight z-score
(95% CI: —0.27, —0.24), 59% greater odds of SGA (95%
CI: 1.51, 1.68) and 43% lower odds of LGA (95% CI:
0.53, 0.60) compared with GWG=IOM (Table 3).

GWG>IOM was associated with 0.28 wunits greater
birthweight z-score (95% CI: 0.27, 0.30), 35% lower
odds of SGA (95% CI: 0.61, 0.68) and 88% greater
odds of LGA (95% CI: 1.80, 1.97) compared with
GWG=IOM (Table 3). Using sibling fixed-effects analy-
ses, associations remained but were attenuated. Within
siblings, GWG<IOM was associated with 0.16 unit
lower birthweight z-score (95% CI: —0.20, —0.13), 32%
greater odds of SGA (95% CIL: 1.11, 1.58) and 20%
lower odds of LGA (95% CI: 0.68, 0.94) compared with
GWG=IOM (Table 3). GWG>IOM was associated with
0.19 unit greater birthweight z-score (95% CIL: 0.15,
0.22), 21% lower odds of SGA (95% CI: 0.65, 0.96)
and 36% greater odds of LGA (95% CIL: 1.20, 1.54)
(Table 3).

BMI at 3years old

Using all mother—child pairs in our cohort, accounting for
the correlation of outcomes between siblings, GWG<IOM
was associated with 0.10 unit lower BMI z-score (95% CI:
—0.12, —0.09) and 13% lower odds of obesity at 3 years
old (95% CI: 0.82, 0.93) (Table 4). GWG>IOM was asso-
ciated with 0.11 unit greater BMI z-score (95% CI: 0.10,
0.13) and 30% greater odds of obesity at 3 years old (95%
CI: 1.24, 1.37) (Table 4). Using sibling fixed-effects analy-
ses, associations were strongly attenuated to the null.
Within siblings, GWG>IOM was not associated with BMI
z-score (mean difference: 0.01; 95% CI: —0.03, 0.05) or
obesity at 3years old (OR=0.98; 95% CI: 0.84, 1.15)
(Table 4).

Additional analyses

P-values for interaction suggested possible effect-measure
modification of associations of IOM GWG categories
with birthweight z-score and LGA outcomes by pre-
pregnancy BMI category (Supplementary Table 6, avail-
able as Supplementary data at IJE online), but associa-
tions stratified by pre-pregnancy BMI category were not
meaningfully different between pre-pregnancy BMI cate-
Table 7,
Supplementary data at IJE online). We did not observe

gories  (Supplementary available  as
carry-over effects in our analysis (all P for interaction
>0.10). Results of analyses using generalized estimating
equations in each discordant outcome analytic cohort to
evaluate whether differences in the analytic population
were contributing to differences in results were attenu-
ated compared with results using all term pregnancies for
associations of GWG<IOM with SGA and LGA and
associations of GWG>IOM with LGA and obesity at
Table 8, available as

3years old (Supplementary
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Table 3. Associations of IOM gestational-weight-gain category and child’s birthweight outcomes, Kaiser Permanente Northern
California 2008-2014

All term pregnancies Term siblings

Birthweight z-score
(N'=111482 mother—child pairs; 96 289 mothers) (N=29 610 mother—child pairs; 14 417 mothers)

Gestational-weight-gain category Mean difference® (95% CI) Mean difference® (95% CI)
Below IOM —0.25 (—0.27, —0.24) ~0.16 (—0.20, —0.13)
Within IOM Referent Referent
Above IOM 0.28 (0.27, 0.30) 0.19 (0.15, 0.22)
Small-for-gestational age birthweight
(N'=111482 mother—child pairs; 96 289 mothers) (N=3499 mother—child pairs; 1689 mothers)
Gestational-weight-gain category OR?* (95% CI) ORP (95% CI)
Below IOM 1.59 (1.51, 1.68) 1.32(1.11, 1.58)
Within IOM Referent Referent
Above IOM 0.65 (0.61, 0.68) 0.79 (0.65, 0.96)
Large-for-gestational age birthweight
(N =111482 mother—child pairs; 96 289 mothers) (N = 5076 mother—child pairs; 2421 mothers)
Gestational-weight-gain category OR?* (95% CI) OR® (95% CI)
Below IOM 0.57 (0.53, 0.60) 0.80 (0.68, 0.94)
Within IOM Referent Referent
Above IOM 1.88 (1.80, 1.97) 1.36 (1.20, 1.54)

Model is adjusted for gestational age at delivery (weeks), maternal race/ethnicity (non-Hispanic White, non-Hispanic Black, non-Hispanic Asian/Pacific
Islander, Hispanic, other; implicitly in fixed-effects models), maternal age at delivery (years), maternal pre-pregnancy body mass index (kg/m?), nulliparity (yes,
no), smoking during pregnancy (yes, no), Medicaid coverage at delivery (Y/N), maternal education (years) and child’s sex.

1OM, Institute of Medicine; OR, odds ratio.

2Generalized estimating-equations model accounting for correlation of outcomes in siblings.

PFixed-effects model controlling for all measured and unmeasured time-stable covariates.

Table 4. Associations of IOM gestational-weight-gain category and child’s BMI outcomes at 3years old, Kaiser Permanente
Northern California 2008-2014

All term pregnancies Term siblings
BMI z-score

(N'=111482 mother—child pairs; 96 289 mothers) (N=29 610 mother—child pairs; 14 417 mothers)
Gestational-weight-gain category Mean difference® (95% CI) Mean difference® (95% CI)
Below IOM ~0.10 (—0.12, —0.09) —0.04 (—0.08, 0.00)
Within IOM Referent Referent
Above IOM 0.1 (0.10, 0.13) 0.01 (~0.03, 0.05)

Obesity

(N'=111482 mother—child pairs; 96 289 mothers) (N =3881 mother—child pairs; 1862 mothers)
Gestational-weight-gain category OR?* (95% CI) OR® (95% CI)
Below IOM 0.87(0.82,0.93) 1.01(0.85,1.22)
Within IOM Referent Referent
Above IOM 1.30 (1.24,1.37) 0.98 (0.84, 1.15)

Model is adjusted for gestational age at delivery (weeks), maternal race/ethnicity (non-Hispanic White, non-Hispanic Black, non-Hispanic Asian/Pacific
Islander, Hispanic, other; implicitly in fixed-effects models), maternal age at delivery (years), maternal pre-pregnancy BMI (kg/mz), nulliparity (yes, no), smoking
during pregnancy (yes, no), Medicaid coverage at delivery (Y/N), maternal education (years) and child’s sex.

BMI, body mass index; IOM, Institute of Medicine; OR, odds ratio.

?Generalized estimating-equations model accounting for correlation of outcomes in siblings.

PFixed-effects model controlling for all measured and unmeasured time-stable covariates.

Supplementary data at IJE online). Results of the sensi- delivery were similar to the main results (Supplementary
tivity analysis limited to pregnancies with measured pre-  Tables 9 and 10, available as Supplementary data at IJE
pregnancy weight and measured weight <2 weeks before online).
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Discussion

In our study, GWG>IOM was associated with greater
birthweight, lower odds of SGA and greater odds of LGA
using a conventional approach comparing pregnancies be-
tween mothers and using a sibling-analysis design control-
ling for stable within-family confounders. GWG>IOM
was also associated with greater BMI and greater odds of
obesity at 3years old in the conventional approach com-
paring pregnancies between mothers, but was not associ-
ated with BMI or obesity at 3 years old in sibling analyses.

Our finding of an association between greater GWG
and greater birthweight are consistent with previous stud-
ies using both conventional analyses and sibling study
designs. A meta-analysis of 11 studies with SGA as the out-
come and 13 studies with LGA as the outcome reported
associations of GWG>IOM with 34% lower risk of SGA
and 85% greater risk of LGA." An individual participant-
level meta-analysis of data from 196 670 participants from
25 studies also reported associations of greater GWG with
lower risk of SGA and greater risk of LGA.*® Using data
from 354945 siblings born to 167977 mothers in
Pennsylvania and Washington, Yan reported associations
of GWG>IOM with 126 g greater birthweight and a 2%
absolute increase (risk difference) in risk of LGA, control-
ling for maternal fixed effects.'* Ludwig et al. reported a
linear association of 1kg greater GWG with 7g greater
birthweight in 1164 750 siblings in 513 501 families after
controlling for stable within-family unmeasured confound-
ers in fixed-effects models."® Hutcheon et al. reported asso-
ciations of 1 unit greater GWG z-score with 83-97g
greater birthweight, 15-22% lower risk for SGA and 32~
58% greater risk for LGA in 44457 siblings born to
21680 women in Sweden.'®

Our finding of an association between greater GWG
and greater early-childhood-obesity risk is consistent with
previous studies using conventional analyses. A meta-
analysis of two studies reported associations of
GWG>IOM with 91% greater risk of overweight and obe-
sity at 3—4 years o0ld.®*®*” Our finding that GWG was no
longer associated with childhood-obesity risk using a sib-
ling analysis is consistent with a previous sibling design
study that assessed the association of GWG>IOM and
childhood BMI using the Collaborative Perinatal Project
cohort (5917 siblings from 2758 mothers, 1959-1974) and
found that GWG>IOM was not strongly associated with
BMI z-score at 4years old after controlling for stable
within-mother unmeasured confounders.*® Our results are
from a contemporary cohort, with greater racial/ethnic di-
versity, a higher prevalence of pre-pregnancy overweight
and obesity, and lower prevalence of smoking than the
Collaborative Perinatal Project cohort. In addition, we

evaluated associations with childhood obesity, in addition
to BMI.

Our results suggest that GWG>IOM may be causally
related to greater birthweight, as GWG>IOM was consis-
tently associated with greater birthweight in both conven-
tional analyses comparing pregnancies between mothers
and sibling analyses controlling for stable family environ-
ment, behaviours and genetic predisposition to weight gain
that are shared between pregnancies. However, family en-
vironment, behaviours or genetic predisposition to weight
gain that are shared between a mother and her children
may explain a large portion of the association of
GWG>IOM and early-childhood obesity that has been ob-
served using conventional analyses in previous studies and
our current study. Mothers and their young children tend
to have similar lifestyle behaviours,”” which may have a
larger impact on early-childhood BMI and obesity risk
than GWG. Increases in maternal BMI after pregnancy,
which are related to familial-lifestyle habits and environ-
ment, are associated with childhood overweight/obesity at
11years old,®° further supporting stronger influences of
common lifestyle, environmental or genetic determinants
of weight gain than GWG in mothers and their children.

Strengths of our study include the use of both a conven-
tional approach comparing outcomes between mothers
and a sibling design controlling for shared familial factors
that are stable across pregnancies and the use of clinically
measured weights and heights to calculate GWG and ma-
ternal and child BMI. In addition, our study population
was diverse and representative of the Northern California
region. However, there are several limitations that should
be considered when interpreting our study results. We did
not have information about familial-lifestyle characteristics
(diet, physical activity, stress) or environment (income, em-
ployment), which likely confound associations in conven-
tional analyses. To the extent that familial-lifestyle
characteristics were similar within siblings, the fixed-
effects sibling analyses were able to control for these char-
acteristics. However, it is possible that some of these famil-
ial characteristics changed from one pregnancy to another,
and results from sibling analyses have greater bias due to
confounding by these unstable unmeasured familial-
lifestyle or environmental characteristics than results from
conventional analyses.'® Additionally, sibling analyses in-
cluded 15% (birthweight z-score and BMI z-score analy-
ses), 2% (SGA analysis), 3% (LGA analysis) and 2%
(obesity analysis) of mothers in our overall analytic cohort,
which may have introduced selection bias in our results.
Characteristics of the mothers in the overall analytic co-
hort and the overall sibling cohort were similar; however,
distributions of race/ethnicity and pre-pregnancy BMI cate-
gories differed between the overall analytic cohort and the
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discordant outcomes sibling cohorts. Some results using
conventional analyses in the discordant outcomes analytic
cohorts were attenuated compared with conventional anal-
yses in the overall analytic cohort, suggesting that restric-
tion of the analytic population to siblings with discordant
outcomes contributed to the attenuation of associations.
This may be due to a reduction in the variability of the fa-
milial environment in the discordant sibling samples or
lower precision and higher variance in estimates of associa-
tion due to the smaller sample sizes. Finally, obesity at
3years old is associated with future cardiometabolic risk,
including greater waist circumference and greater risk for
obesity and metabolic syndrome in adulthood®'; however,
we were not able to assess the associations of GWG with
child weight outcomes in later childhood or adulthood.

In conclusion, GWG>IOM was associated with greater
birthweight using a conventional approach comparing
pregnancies between mothers and using a sibling analysis
controlling for stable
GWG>IOM was associated with greater BMI and greater
odds of obesity at 3years old using a conventional ap-

within-family ~ confounders.

proach comparing pregnancies between mothers, but was
not associated with BMI or obesity at 3 years old in sibling
analyses. GWG may directly affect birthweight, whereas
shared environmental, lifestyle or genetic factors within
families may play a larger role in determining early-
childhood weight status than GWG. Efforts to promote ap-
propriate GWG are important for reducing the risk of
LGA, as well as other adverse outcomes, such as preterm
birth and caesarean delivery.! However, interventions that
address behavioural and environmental factors that influ-
ence weight in families may be more successful in prevent-
ing early-childhood obesity and its sequelae than
interventions that are focused on GWG.
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