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Abstract
Background

Maternal obesity and excessive gestational weight gain may have persistent effects on off-
spring fat development. However, it remains unclear whether these effects differ by severity
of obesity, and whether these effects are restricted to the extremes of maternal body mass
index (BMI) and gestational weight gain. We aimed to assess the separate and combined
associations of maternal BMI and gestational weight gain with the risk of overweight/obesity
throughout childhood, and their population impact.

Methods and findings

We conducted an individual participant data meta-analysis of data from 162,129 mothers
and their children from 37 pregnancy and birth cohort studies from Europe, North America,
and Australia. We assessed the individual and combined associations of maternal pre-preg-
nancy BMI and gestational weight gain, both in clinical categories and across their full
ranges, with the risks of overweight/obesity in early (2.0-5.0 years), mid (5.0—10.0 years)
and late childhood (10.0—18.0 years), using multilevel binary logistic regression models with
a random intercept at cohort level adjusted for maternal sociodemographic and lifestyle-
related characteristics. We observed that higher maternal pre-pregnancy BMI and gesta-
tional weight gain both in clinical categories and across their full ranges were associated
with higher risks of childhood overweight/obesity, with the strongest effects in late childhood
(odds ratios [ORs] for overweight/obesity in early, mid, and late childhood, respectively: OR
1.66 [95% CI: 1.56, 1.78], OR 1.91 [95% CI: 1.85, 1.98], and OR 2.28 [95% ClI: 2.08, 2.50]
for maternal overweight; OR 2.43 [95% Cl: 2.24, 2.64], OR 3.12 [95% CI: 2.98, 3.27], and
OR 4.47 [95% CI: 3.99, 5.23] for maternal obesity; and OR 1.39 [95% CI: 1.30, 1.49], OR
1.55[95% Cl: 1.49, 1.60], and OR 1.72 [95% CI: 1.56, 1.91] for excessive gestational weight
gain). The proportions of childhood overweight/obesity prevalence attributable to maternal
overweight, maternal obesity, and excessive gestational weight gain ranged from 10.2% to
21.6%. Relative to the effect of maternal BMI, excessive gestational weight gain only slightly
increased the risk of childhood overweight/obesity within each clinical BMI category (p-val-
ues for interactions of maternal BMI with gestational weight gain: p =0.038, p <0.001, and p
=0.637 in early, mid, and late childhood, respectively). Limitations of this study include the
self-report of maternal BMI and gestational weight gain for some of the cohorts, and the
potential of residual confounding. Also, as this study only included participants from Europe,
North America, and Australia, results need to be interpreted with caution with respect to
other populations.

Conclusions

In this study, higher maternal pre-pregnancy BMI and gestational weight gain were associ-
ated with an increased risk of childhood overweight/obesity, with the strongest effects at
later ages. The additional effect of gestational weight gain in women who are overweight or
obese before pregnancy is small. Given the large population impact, future intervention trials
aiming to reduce the prevalence of childhood overweight and obesity should focus on mater-
nal weight status before pregnancy, in addition to weight gain during pregnancy.
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Author summary

Why was this study done?

o Maternal pre-pregnancy obesity and excessive gestational weight gain are important
risk factors of various pregnancy and birth complications.

 An accumulating body of evidence suggests that maternal obesity and excessive gesta-
tional weight gain also have persistent effects on offspring fat development.

« Itis not clear whether these effects exist across the full ranges of maternal pre-pregnancy
body mass index and gestational weight gain, what their combined effects are, and what
the population impact of these effects is.

What did the researchers do and find?

» We conducted an individual participant data meta-analysis using data from 162,129
mothers and their children from 37 pregnancy and birth cohorts from Europe, North
America, and Australia to assess the separate and combined associations of maternal
pre-pregnancy body mass index and gestational weight gain with the risk of overweight/
obesity throughout childhood, and their population impact.

o We observed not only that maternal pre-pregnancy overweight and obesity were associ-
ated with an increased risk of childhood overweight/obesity, but that this risk increased
gradually over the full range of maternal BMI. Similarly, the risk of childhood over-
weight/obesity increased across the full range of gestational weight gain.

We estimated that 21.7% to 41.7% of childhood overweight/obesity prevalence could be
attributed to maternal overweight and obesity together, whereas 11.4% to 19.2% could
be attributed to excessive gestational weight gain.

o The additional effect of excessive gestational weight gain on the risk of childhood over-
weight/obesity was small among women who are already overweight or obese before
pregnancy.

What do these findings mean?

« Maternal pre-pregnancy BMI and, to a smaller extent, gestational weight gain are
important modifiable risk factors of childhood overweight/obesity with considerable
population impact.

o Future intervention trials aiming to reduce the prevalence of childhood overweight and
obesity should focus on maternal weight status before pregnancy, in addition to weight
status during pregnancy.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002744  February 11, 2019 4/22


https://doi.org/10.1371/journal.pmed.1002744

@’PLOS ‘ MEDICINE

Maternal body mass index and childhood overweight/obesity

Introduction

Maternal pre-pregnancy obesity and excessive gestational weight gain are major public health
problems. Maternal obesity is an important risk factor of gestational hypertensive and diabetic
disorders, fetal death, pre-term birth, and macrosomia [1,2]. An accumulating body of evi-
dence suggests that maternal obesity also has persistent effects on long-term health in offspring
[3]. A meta-analysis of published studies showed a 3-fold increased risk of overweight in chil-
dren of mothers with pre-pregnancy obesity, as compared to those of mothers with a normal
pre-pregnancy weight [4]. It remains unclear whether these risks differ by severity of obesity,
and whether these effects are restricted to the extremes of maternal BMI or are present across
the full range. In addition to maternal pre-pregnancy obesity, excessive gestational weight gain
also seems to be associated with increased risks of childhood overweight and obesity [2]. Previ-
ous meta-analyses of published studies showed a 30%-40% increased risk of childhood over-
weight in children of mothers with excessive gestational weight gain [5-7]. From a prevention
perspective, insight into the combined effects of maternal BMI and gestational weight gain on
offspring obesity risk and their population impact in different geographical regions is needed.

We conducted an individual participant data (IPD) meta-analysis among 162,129 mothers
and their children from 37 pregnancy and birth cohorts from Europe, North America, and
Australia, to assess the separate and combined associations of maternal pre-pregnancy body
mass index (BMI) and gestational weight gain with the risk of overweight/obesity throughout
childhood, and their population impact.

Methods

Inclusion criteria and participating cohorts

This study was embedded in the international Maternal Obesity and Childhood Outcomes
(MOCO) collaboration [8,9]. Pregnancy and birth cohort studies were eligible to participate if
they included mothers with singleton live-born children born from January 1, 1989, onwards,
had information available on maternal pre- or early pregnancy BMI and at least 1 offspring
measurement (birth weight or childhood BMI), and were approved by their local institutional
review boards. We invited 50 Western cohorts from Europe, North America, and Australia,
selected from existing collaborations on childhood health (the EarlyNutrition project, the
CHICOS project, and Birthcohorts.net assessed until July 2014), of which 39 agreed to partici-
pate. In total, 37 cohorts had data available on childhood BMI, corresponding to 162,129
mothers and their children eligible for analyses (Fig 1). All cohorts included were approved by
their local institutional review boards, and all participants gave written informed consent. The
plan for analyses given to the cohorts when inviting them to participate in the MOCO collabo-
ration is provided in S1 Text. Based on data availability and additional research questions, it
was decided among the collaborators to refine the existing questions and to extend the project
with additional questions to be addressed. Statistical analyses were adapted to these questions.
Anonymized datasets were stored on a single central secured data server with access for the
main analysts (EV, SS).

Maternal pre-pregnancy BMI and gestational weight gain

Maternal BMI (kg/ m?) was measured, derived from clinical records, or self-reported (cohort-
specific information in S1 Table). If available, we used information on maternal pre-pregnancy
BMI for analyses. For participants without information on pre-pregnancy BMI (4.8% of the
study population), we used BMI measured before 20 weeks of gestation. Maternal pre-preg-
nancy BMI was categorized into clinical categories according to World Health Organization
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n = 50 cohorts
Invited

n = 8 cohorts
No response (n = 4)
Not able to share data (n = 4)

n = 42 cohorts
Agreed to participate

n = 3 cohorts
No signed agreement returned (n = 2)
No dataset received (n = 1)

A 4

n = 39 cohorts
n = 39 signed agreements
n = 39 datasets received

n = 277,042 participants suitable for analysis

n = 9,504 participants
No information on maternal pre- or early
pregnancy BMI available

\ 4

n = 39 cohorts

n = 267,538 participants

Information on maternal pre- or early pregnancy BMI
available

n = 2 cohorts
n = 105,409 participants
No childhood BMI data available

A\ 4

n = 37 cohorts

n = 162,129 participants

Population for analysis: Information on maternal pre- or
early pregnancy BMI and childhood BMI in at least one
age interval available

Early childhood (2.0-5.0 years) n = 85,813
Mid childhood (5.0-10.0 years) n=121,803
Late childhood (10.0-18.0 years) n= 18,477

Fig 1. Flow chart of the cohorts and participants.
https://doi.org/10.1371/journal.pmed.1002744.9001

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002744  February 11, 2019 6/22


https://doi.org/10.1371/journal.pmed.1002744.g001
https://doi.org/10.1371/journal.pmed.1002744

@’PLOS ‘ MEDICINE

Maternal body mass index and childhood overweight/obesity

(WHO) cutoffs (underweight [<18.5 kg/mz], normal weight [18.5-24.9 kg/ m?], overweight
[25.0-29.9 kg/m?], and obesity [>30.0 kg/m?]). The obesity category was further stratified into
obesity class I (30.0-34.9 kg/m?), class IT (35.0-39.9 kg/m?), and class III (>40.0 kg/m?) [10].
Maternal pre-pregnancy BMI was also categorized into 11 groups with a range of 2.5 kg/m”
each. Data on gestational weight gain (kg), defined as the difference between the latest weight
before delivery and pre-pregnancy weight, was provided by the cohorts, and was categorized
as inadequate, adequate, or excessive weight gain in relation to maternal pre-pregnancy BMI
according to the guidelines of the US Institute of Medicine (IOM) [11]. We calculated z-scores
of gestational weight gain based on maternal pre-pregnancy BMI-category-specific reference
charts for gestational weight gain by gestational age created using the data of the cohorts par-
ticipating in this collaboration [8], and categorized them into 6 categories (<—-2.0 SD, 2.0 to
—-1.0 SD, -1.0 to —0.0 SD, 0.0 to 1.0 SD, 1.0 to 2.0 SD, and >2.0 SD).

Childhood overweight/obesity

Childhood BMI (kg/m?) was measured, derived from clinical records, or reported by parents/
caregivers or the child itself (cohort-specific information in S1 Table). BMI measurements
were available in 3 age intervals: early childhood (>2 to <5 years), mid childhood (>5 to <10
years), and late childhood (>10 to <18 years), hereafter referred to as 2.0-5.0, 5.0-10.0, and
10.0-18.0 years, respectively. If there were multiple measurements of a child available within
the same age interval, we used the measurement at the highest age for our analyses. We calcu-
lated the sex- and age-adjusted standard deviation score (SDS) of childhood BMI based on
WHO reference growth charts (Growth Analyser 4.0, Dutch Growth Research Foundation)
[12,13]. We categorized childhood BMI into underweight, normal weight, overweight, and
obesity, using WHO cutoffs [12,13]. For models focused on the risk of overweight/obesity,
children with underweight were excluded, and overweight and obesity were combined. For
models focused on the risk of underweight, children with overweight and obesity were
excluded.

Covariates

Information on covariates was mostly assessed by questionnaires. We included as confounders
the following: maternal age (<25.0 years, 25.0-30.0 years, 30-35.0 years, >35.0 years), mater-
nal educational level (low, medium, high), maternal ethnicity (European/white, non-Euro-
pean/non-white), parity (nulliparous, multiparous), and maternal smoking during pregnancy
(yes, no).

Statistical analysis

We conducted 1-stage meta-analyses, analyzing IPD from all cohorts simultaneously in multi-
level linear or binary logistic regression models, accounting for clustering of participants
within cohorts [14]. In these models, we included a random intercept at the cohort level, allow-
ing intercepts to differ between cohorts. First, we examined the separate associations of mater-
nal pre-pregnancy BMI and gestational weight gain, across their full ranges and in clinical
categories, with BMI SDS, the risk of childhood underweight, and the risk of childhood over-
weight/obesity in early, mid, and late childhood. Second, we calculated, both for the total study
population and per country, the population attributable risk fraction (PAR), indicating the
proportion of childhood underweight and childhood overweight/obesity attributable to each
maternal BMI or gestational weight gain category. For these analyses, we used the adjusted
odds ratio (OR) and the prevalence of the exposure in the study population [15]. Country-spe-
cific analyses were performed for mid childhood only, based on available data. Third, we
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assessed the associations of the combinations of maternal pre-pregnancy BMI and gestational
weight gain clinical categories with the outcomes. To assess whether the combined effects of
maternal BMI and gestational weight gain on the outcomes were different from the separate
effects, we tested for interaction between these 2 exposures.

Models were adjusted for maternal age, educational level, ethnicity, parity, and smoking
during pregnancy. Models concerning gestational weight gain z-scores were additionally
adjusted for maternal pre-pregnancy BMI. To examine whether any associations of maternal
pre-pregnancy BMI with the risk of childhood overweight/obesity were explained by gestational
diabetes, gestational hypertensive disorders, or gestational-age-adjusted birth weight, we added
this information to the models. Covariates in the analyses were selected based on existing litera-
ture and data availability in participating cohorts. Findings from the unadjusted models were
similar to the findings from the adjusted models and therefore are not presented separately. We
did not observe consistent significant interactions of maternal pre-pregnancy BMI and gesta-
tional weight gain with child’s sex. As sensitivity analyses, we conducted 2-stage random effects
meta-analyses to study the associations of maternal pre-pregnancy BMI and gestational weight
gain with the risk of childhood overweight/obesity in each cohort and to test for heterogeneity
between estimates [14]. All covariates were categorized. To deal with missing values of covari-
ates, we used the missing values as an additional category, to prevent exclusion of non-complete
cases. Exposures and outcomes were not imputed. If information on a covariate was available
for less than 50% of the cohort sample used for each analysis, available information was not
used and the corresponding data for that full cohort sample was assigned to the missing cate-
gory. We also conducted a sensitivity analysis with complete cases only.

The statistical analyses were performed using the IBM SPSS Statistics version 21.0 for Win-
dows (IBM, Armonk, NY, US), RevMan version 5.3 (Nordic Cochrane Centre, Copenhagen,
Denmark), and R statistical software version 3.3.3.

Results
Participants’ characteristics

Table 1 shows that the median maternal pre-pregnancy BMI was 22.7 kg/m” (95% range: 18.1,
34.3) and the median gestational weight gain was 14.0 kg (95% range: 4.0, 26.0). Of all children,
6.5%, 20.1%, and 22.2% were overweight/obese in early, mid, and late childhood, respectively.
The country-specific prevalences of maternal overweight and obesity, excessive gestational
weight gain, and mid childhood overweight/obesity ranged 12.9%-53.1%, 22.2%-57.0%, and
10.6%-43.1%, respectively (S1 Fig). S2 Table shows cohort-specific information on covariates.

Maternal pre-pregnancy BMI and gestational weight gain clinical
categories

Table 2 shows that, as compared to maternal normal weight, maternal underweight was associ-
ated with lower risks of overweight/obesity throughout childhood (p-values < 0.05). As com-
pared to maternal normal weight, maternal overweight and obesity were associated with
higher risks of overweight/obesity throughout childhood, with stronger associations at later
ages (ORs for overweight/obesity in late childhood: 2.28 [95% CI: 2.08, 2.50] and 4.47 [95% CI:
3.99, 5.23] for maternal overweight and obesity, respectively). Among women with obesity, the
risk of offspring overweight/obesity increased further for higher classes of maternal obesity
(ORs for overweight/obesity in late childhood: 4.16 [95% CI: 3.56, 4-87], 5.98 [95% CI: 4.50,
7.94], and 5.55 [95% CI: 3.25, 9.45] for obesity class I, class II, and class III, respectively, as
compared to normal weight; Table 2). These associations were not explained by gestational
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Table 1. Cohort-specific description of exposures and outcomes.

Cohort name,
number of
participants, birth
years (country)

ABCD, n = 5,494,
2003-2004 (the
Netherlands)

ALSPAC,n=
8,435, 1991-1992
(UK)

AOB/F, n =1,653,
2008-2010
(Canada)

BAMSE, n = 2,930,
1994-1996
(Sweden)

BIB, 1 = 887, 2007~
2010 (UK)

CHOP, n =905,
2002-2004
(multiple)

Co.N.ER, n =522,
2004-2005 (Italy)

DNBC, n = 39,637,
1996-2002
(Denmark)

EDEN, n = 1,331,
2003-2005
(France)

FCOU, n =2,107,
1993-1996
(Ukraine)

GASPII, 7 = 568,
2003-2004 (Italy)

GECKO Drenthe,
n = 1,963, 2006—
2007 (the
Netherlands)

GENERATION R,
n==6,716, 2002-
2006 (the
Netherlands)
GENERATION
XXI, n = 5,940,
2005-2006
(Portugal)
GENESIS, n =
1,898, 2003-2004
(Greece)
GINIplus, n =
2,326, 1995-1998
(Germany)
HUMIS, n =945,
2003-2008
(Norway)

Maternal characteristics

Pre-/early
pregnancy
BMI (kg/m®)
22.2(17.9,
33.9)

22.3 (18.0,
33.6)

23.0 (18.0,
38.2)

22.3 (182,
31.6)

24.8 (17.6,
39.4)*

22.4(17.6,
33.7)

212 (17.7,
30.4)

22.5(18.1,
33.6)

22.1(17.4,
35.0)

21.8(17.3,
32.1)

21.3(17.6,
31.1)

23.7 (18.6,
36.8)

22.8 (18.1,
34.9)

23.0(18.2,
34.7)

21.8 (17.6,
30.9)

22.1 (18.0,
31.4)

23.3 (184,
35.0)

Gestational
weight gain
(kg)
NA

12.5 (4.0,
22.0)

NA

13.0 (5.6,
25.0)

10.0 (0.0,
20.5)

NA

13.0 (6.0,
22.1)

15.0 (5.0,
28.0)

13.0 (4.0,
23.0)

12.0 (3.5,
21.0)

13.0 (6.0,
24.0)

13.0 (4.0,
25.0)

13.0 (1.0,
25.0)

13.0 (3.0,
26.0)

13.0 (3.0,
28.6)

13.0 (5.0,
25.0)

14.0 (5.0,
27.0)

Early childhood characteristics

(2.0-5.0 years)

Age BMI
(months) | (SDS)
47.2 0.28
(25.5, (-1.52,
543) 2.37)
48.7 0.61
(30.8, (-1.00,
49.7) 2.45)
36.0 0.23
(35.0, (-2.27,
42.0) 2.65)
51.3 0.57
(482, (-0.94,
57.6) 2.47)
36.8 0.49
(35.8, (-1.40,
39.3) 2.54)
48.6 0.26
(24.0, (-1.58,
60.0) 2.51)
43.9 0.27
(348, (-2.28,
54.8) 2.92)
NA NA
38.0 0.29
(36.9, (-1.46,
40.0) 1.96)
35.0 0.55
(24.0, (-1.93,
40.0) 3.14)
50.0 0.71
(43.0, (-1.06,
53.0) 2.94)
NA NA
45.8 0.30
(44.4, (~1.44,
48.6) 2.48)
50.0 0.52
(46.0, (-1.27,
58.0) 3.07)
43.6 0.83
(26.1, (-1.17,
57.8) 3.57)
48.0 0.08
(44.0, (-1.72,
52.0) 2.00)
25.7 0.33
(24.0, (-1.83,
37.4) 2.39)

Overweight/

obesity, n (%)

212 (4.4)

71 (6.4)

94 (5.7)

152 (6.0)

64 (7.2)

24 (5.8)

47 (9.8)

NA

26 (2.2)

134 (11.1)

52(9.7)

NA

186 (4.9)

483 (10.3)

257 (14.2)

54 (2.5)

52 (6.1)

Mid childhood characteristics
(5.0-10.0 years)

Age
(months)

68.2 (61.6,
82.2)

115.0
(88.0,
119.0)

NA

100.0
(89.0,
109.0)

NA

96.1 (65.9,
99.2)

94.9 (86.6,
111.2)

85.0 (75,6,
89.5)

67.6 (65.0,
72.4)

84.0 (75.0,
93.4)

104.0
(98.0,
113.0)

70.4 (62.6,
78.6)

115.3
(69.4,
119.4)

85.0 (83.0,
95.0)

62.0 (60.1.
71.9)

62.9 (60.2,
75.0)

84.0 (60.0,
92.0)

BMI
(SDS)

0.10
(-1.69,
2.38)

0.24
(-1.60,
2.68)

NA

0.51
(-1.19,
2.63)

NA

0.32
(-1.72,
2.92)

0.69
(-1.29,
2.82)

0.01
(-1.95,
2.08)

—0.02
(-1.52,
1.92)

-0.02
(-2.01,
2.06)

0.70
(-1.37,
2.66)

0.39
(-1.16,
2.43)

0.36
(-1.52,
2.70)

0.63
(-1.38,
3.23)

0.93
(~1.44,
4.13)

0.01
(-1.77,
1.94)

0.04
(-2.02,
2.35)

Overweight/

obesity, n (%)

766 (17.1)

2,001 (26.5)

NA

695 (31.0)

NA

201 (27.8)

100 (35.3)

6,138 (15.5)

140 (12.5)

111 (12.6)

171 (37.1)

426 (21.7)

1,661 (27.5)

2,015 (37.9)

38 (43.2)

231 (10.7)

62 (17.6)

Late childhood characteristics
(10.0-18.0 years)

Age BMI Overweight/

(months) | (SDS) obesity, n (%)

NA NA NA

165.0 0.23 1,908 (26.0)

(126.0, (-1.85,

171.0) 2.53)

NA NA NA

201.2 0.09 373 (16.9)

(191.7, (-1.73,

210.2) 2.03)

NA NA NA

NA NA NA

NA NA NA

NA NA NA

NA NA NA

194.0 —0.09 |70(9.1)

(183.0, (-2.06,

209.0) 1.82)

NA NA NA

NA NA NA

122.1 0.36 144 (29.8)

(120.1, (-1.51,

137.8) 2.62)

NA NA NA

NA NA NA

182.0 0.01 366 (15.9)

(177.0, (-1.88,

191.0) 2.08)

NA NA NA
(Continued)
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Table 1. (Continued)

Cohort name,

Maternal characteristics

Early childhood characteristics

Mid childhood characteristics

Late childhood characteristics

number of (2.0-5.0 years) (5.0-10.0 years) (10.0-18.0 years)
participants, birth | pre_jearly | Gestational | Age BMI Overweight/ | Age BMI Overweight/ | Age BMI Overweight/
years (country) pregnancy | weight gain | (months) | (SDS) | obesity, n (%) | (months) |(SDS) obesity, n (%) | (months) | (SDS) obesity, n (%)
BMI (kg/m®) | (kg)

INMA, n=1,916, |225(18.0, |13.5(4.2, 52.9 0.50 142 (8.2) 83.8 (74.8, | 0.58 498 (37.7) 174.5 0.32 76 (25.3)
1997-2008 (Spain) | 34.6) 24.4) (49.0, (-1.21, 94.5) (-1.34, (172.0, (-1.59,

56.5) 2.82) 3.32) 181.5) 2.47)
KOALA, n =2,051, | 22.8 (18.5, 14.0 (4.0, 55.5 -0.07 16 (1.6) 106.0 -0.17 198 (11.3) 121.4 -0.16 19 (18.1)
2000-2002 (the 33.5) 25.0) (48.1, (=2.00, (61.5, (-2.16, (120.0, (=2.06,
Netherlands) 59.7) 1.83) 119.3) 1.77) 126.7) 2.22)
Krakow Cohort,n | 21.1 (17.3, 15.0 (7.0, 48.0 -0.06 11 (4.1) 108.0 0.18 90 (26.5) NA NA NA
=422,2000-2003 | 28.0) 28.0) (36.0, (-2.24, (60.0, (-1.86,
(Poland) 51.3) 2.28) 111.0) 2.56)
LISAplus, n = 21.7 (17.9, 14.0 (6.0, 48.0 0.07 53 (2.5) 62.7 (60.2, | —0.09 207 (10.4) 181.0 —-0.02 293 (15.9)
2,334, 1997-1999 32.9) 24.5) (44.0, (-1.83, 74.0) (-1.92, (121.0, (-1.88,
(Germany) 52.0) 1.98) 1.91) 191.0) 2.08)
LUKAS, n =379, |24.0(185, |13.9 (3.9, 482 0.52 30 (7.9) 73.2(68.6, | 0.52 112 (31.0) NA NA NA
2002-2005 36.6) 25.1) (46.2, (-1.28, 76.0) (-1.08,
(Finland) 50.0) 2.81) 3.34)
MoBa, n =54,910, | 23.1(18.4, 14.5 (4.0, 36.4 0.37 2,447 (6.1) 86.9 (61.0, | 0.14 6,774 (19.4) NA NA NA
1999-2009 34.7) 27.0) (25.5, (-1.84, 100.9) (=2.06,
(Norway) 60.0) 2.46) 2.30)
NINFEA, n = 21.4 (174, 12.0 (3.0, 49.7 0.09 88 (5.1) 86.1 (84.8, | —0.03 91 (21.0) NA NA NA
1,753,2005-2010 | 31.9) 22.0) (482, (-2.33, 93.0) (-2.17,
(Italy)® 57.1) 2.52) 2.43)
PELAGIE, n =738, | 21.7 (17.5, NA 24.4 0.12 16 (2.2) NA NA NA NA NA NA
2002-2005 32.4) (24.0, (-1.84,
(France) 26.5) 1.95)
PIAMA, n=2,324, |222(184, |13.0(5.0, 49.3 0.69 105 (9.3) 97.5(90.9, | 0.15 417 (20.5) 195.9 —0.16 |72(95)
1996-1997 (the 31.5) 25.0) (44.2, (-1.20, 110.6) (-1.68, (192.5, (-1.74,
Netherlands) 54.5) 2.58) 2.35) 203.4) 1.80)
Piccolipiu, n = 687, | 21.6 (17.6, 13.0 (6.0, 24.0 0.36 40 (5.8) NA NA NA NA NA NA
2011-2015 (Italy) 31.8) 21.2) (24.0, (-2.16,

28.0) 2.55)
Project Viva,n= |23.5(183, |155(50, | 37.9 0.66 | 86(7.0) 922(825,044  326(30.7) | 1238 0.38 | 8(2538)
1,382, 1999-2002 | 38.2) 27.3) (36.1, (-1.01, 116.6) (-1.43, (120.6, (-1.50,
(US) 50.2) 2.69) 3.05) 131.1) 3.76)
Raine Study, n = 21.3 (17.1, NA NA NA NA 71.0 (66.8, | 0.15 384 (20.0) 126.9 0.45 566 (33.3)
2,092, 1989-1992 34.0) 77.1) (-1.57, (125.0, (-1.62,
(Australia) 2.75) 133.3) 2.84)
REPRO PL,n= |21.6(172, |125(23, 25.0 0.31 19 (7.1) 88.0 (84.3, | 0.64 19 (38.8) NA NA NA
283,2007-2011 32.8) 23.0) (24.0, (-2.13, 94.0) (-1.55,
(Poland) 31.0) 2.51) 3.64)
RHEA, n = 748, 23.4(18.1, | 13.0 (4.0, 498 0.60 92 (12.3) NA NA NA NA NA NA
2007-2008 36.4) 26.0) (48.0, (-1.13,
(Greece) 57.5) 3.58)
ROLO,n=290, | 253(20.1, |121(21, 24.7 020 | 19(6.6) NA NA NA NA NA NA
2007-2011 38.7) 22.7) (24.0, (-1.75,
(Ireland) 34.0) 2.62)
SCOPE 24.0 (19.3, 14.3 (7.3, 25.5 0.65 62 (5.9) NA NA NA NA NA NA
BASELINE, 7 = 34.8)* 23.3) (24.5, (-1.02,
1,045, 2008-2011 28.9) 2.32)
(Ireland)
SEATON, n =933, | 24.0(18.8, NA 58.6 0.65 37(7.8) 61.2 (60.0, | 0.59 58 (19.8) 180.1 0.43 199 (31.6)
1998-1999 (UK) | 37.9) (55.9, (-0.89, 119.7) (-1.10, (121.5, (-1.61,

59.9) 2.68) 2.73) 186.0) 2.60)

(Continued)
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Table 1. (Continued)

Cohort name, Maternal characteristics

number of

participants, birth | pre_jearly | Gestational

years (country) pregnancy |weight gain
BMI (kg/m®) | (kg)

Slovak PCB study, | 21.2 (16.7, 14.0 (4.1,

n =480, 2002-2004 | 31.6) 24.8)

(Slovak Republic)

STEPS, n = 484, 22.8 (18.3, 14.1 (1.6,

2008-2010 36.9) 25.5)

(Finland)

SWS, n =2,621, 24.2 (18.9, 11.9 (0.4,

1998-2007 (United | 37.4) 25.2)

Kingdom)

Total group 22.7 (18.1, 14.0 (4.0,
34.3) 26.0)

Early childhood characteristics Mid childhood characteristics Late childhood characteristics
(2.0-5.0 years) (5.0-10.0 years) (10.0-18.0 years)

Age BMI Overweight/ | Age BMI Overweight/ | Age BMI Overweight/
(months) | (SDS) |obesity, n (%) | (months) |(SDS) obesity, n (%) | (months) | (SDS) obesity, n (%)
45.4 1.95 212 (48.7) 93.0 (85.0, | 0.32 117 (32.1) NA NA NA

(44.8, (-2.46, 100.0) (-1.73,

49.9) 5.29) 3.22)

36.8 0.56 20 (4.1) NA NA NA NA NA NA

(35.6, (-1.09,

38.4) 2.18)

38.4 0.49 155 (6.1) 80.4 (74.7, | 0.21 392 (22.0) NA NA NA

(35.6, (-1.27, 87.2) (-1.52,

50.7) 2.57) 2.54)

382 0.39 5,558 (6.5) 85.3(61.0, | 0.14 24,439 (20.1) | 168.0 0.14 4,094 (22.2)
(24.5, (-1.69, 117.4) (-1.85, (121.8, (-1.81,

60.0) 2.58) 2.44) 203.7) 2.41)

Values are expressed as median (95% range) or number of participants (valid percent).

*Only information available on BMI assessed in early pregnancy (<20 weeks of gestation).

PSubset of participants with 4 years of follow-up completed.

NA, not available; SDS, standard deviation score.

https://doi.org/10.1371/journal.pmed.1002744.t001

diabetes or gestational hypertensive disorders (S3 and S4 Tables). Additional adjustment for
gestational-age-adjusted birth weight attenuated the associations only slightly (S5 Table). As
compared to adequate gestational weight gain, inadequate gestational weight gain was associ-
ated with a lower risk of overweight/obesity in early and mid childhood (p-values < 0.05), but
not in late childhood. As compared to adequate gestational weight gain, excessive gestational
weight gain was associated with a higher risk of childhood overweight/obesity in early, mid,
and late childhood (ORs 1.39 [95% CI: 1.30, 1.49], 1.55 [95% CI: 1.49, 1.60], and 1.72 [95% CI:
1.56, 1.91], respectively). S6 Table shows that, as compared to maternal normal weight, mater-
nal underweight was associated with a higher risk of childhood underweight, whereas maternal
overweight and obesity were associated with a lower risk of childhood underweight in early,
mid, and late childhood. Similarly, as compared to adequate gestational weight gain, inade-
quate gestational weight gain was associated with higher risks of childhood underweight, and
excessive gestational weight gain with lower risks. The associations of maternal BMI and gesta-
tional weight gain clinical categories with childhood BMI SDS are presented in Table 3.

The estimated proportions of childhood overweight/obesity attributable to maternal pre-
pregnancy overweight and obesity were respectively 11.5% and 10.2% in early childhood,
15.1% and 14.4% in mid childhood, and 20.1% and 21.6% in late childhood (Table 2). The esti-
mated proportions of childhood overweight/obesity attributable to excessive gestational weight
gain were 11.4%, 15.4%, and 19.2%, in early, mid, and late childhood, respectively (Table 2).
The country-specific proportions of mid childhood overweight/obesity are given in S2 Fig.

Maternal pre-pregnancy BMI and gestational weight gain across their full
ranges

Fig 2A and 2B show that higher maternal pre-pregnancy BMI was across the full range associ-
ated with higher risk of offspring overweight/obesity and higher offspring BMI SDS through-
out childhood. The ORs for childhood overweight/obesity per kg/m” increase in maternal pre-
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Table 2. Associations of maternal pre-pregnancy BMI and gestational weight gain clinical categories with the risk of childhood overweight/obesity.

Clinical category

Maternal pre-pregnancy BMI
Underweight (<18.5 kg/m?)

Normal weight (18.5-24.9 kg/m?)
Overweight (25.0-29.9 kg/mz)
Obesity (>30.0 kg/m”)
Obesity class I (30.0-34.9 kg/m?)
Obesity class IT (35.0-39.9 kg/mz)
Obesity class III (>40.0 kg/m?)

Gestational weight gain

Inadequate weight gain
Adequate weight gain

Excessive weight gain

Childhood overweight/obesity

Early childhood Mid childhood Late childhood

2.0-5.0 years 5.0-10.0 years 10.0-18.0 years

OR (95% CI) PAR (%) OR (95% CI) PAR (%) OR (95% CI) PAR (%)
0.57 (0.47, 0.69) NA 0.44 (0.40, 0.49) NA 0.44 (0.35, 0.55) NA
Ncases/total = 126/3,162 Ncases/total = 401/4,485 Ncases/total = 93/877

Reference Reference Reference

Neases/total = 3,092/57,293 Neases/total = 13,870/82,438 Neases/total = 2,505/13,497

1.66 (1.56, 1.78) 11.5 1.91 (1.85, 1.98) 15.1 2.28 (2.08, 2.50) 20.1
Ncases/total = 1,476/17,013 Ncases/total = 6,556/23,359 Ncases/total = 968/2,799

2.43 (2.24, 2.64) 10.2 3.12(2.98,3,27) 14.4 4.47 (3.99, 5.23) 21.6
Ncases/total = 864/7,058 Ncases/total = 3,612/9,248 Ncases/total = 528/1,000

2.35(2.14, 2.59) 7.3 2.89 (2.74, 3.05) 10.0 4.16 (3.56, 4.87) 15.6
Ncases/total = 613/5,142 Neasesitotal = 2,552/6,874 Ncases/total = 363/726

2.57 (2.20, 3.02) 2.5 3.57(3.24,3.93) 3.9 5.98 (4.50, 7.94) 7.4
Ncases/total = 190/1,489 Ncases/total = 782/1,836 Ncases/total = 129/215
2.93(2.22,3.87) 0.9 5.17 (4.35, 6.15) 2.0 5.55(3.25, 9.45) 2.1
Ncases/total = 61/427 Ncases/total = 278/538 Ncases/total = 36/59

0.86 (0.78, 0.93) NA 0.90 (0.84, 0.92) NA 0.91 (0.82, 1.02) NA
Ncases/total = 853/15,484 Ncases/total = 3,515/20,596 Ncases/total = 705/3,897

Reference Reference Reference

Neases/total = 1,542/25,418 Neasesitotal = 6,404/36,391 Neases/total = 944/5,152

1.39 (1.30, 1.49) 114 1.55 (1.49, 1.60) 154 1.72 (1.56, 1.91) 19.2

Ncases/total = 2,265/27,590

Mcases/total = 9,884/40,201

Mcases/total = 1,061/3,703

Values are odds ratios (ORs) (95% confidence intervals) from multilevel binary logistic regression models that reflect the risk of childhood overweight/obesity in early
childhood (2.0-5.0 years), mid childhood (5.0-10.0 years), and late childhood (10.0-18.0 years) in children of mothers in the different pre-pregnancy BMI groups or
gestational weight gain groups, as compared with the reference group (normal weight for pre-pregnancy BMI and adequate weight gain for gestational weight gain), or

population attributable risk fractions (PARs), indicating the proportion of childhood overweight/obesity cases attributable to each maternal BMI or gestational weight

gain category. The models are adjusted for maternal age, education level, ethnicity, parity, and smoking during pregnancy.

NA, not applicable.

https://doi.org/10.1371/journal.pmed.1002744.t002

pregnancy BMI were 1.08 (95% CI: 1.07, 1.09), 1.12 (95% CI: 1.11, 1.12), and 1.16 (95% CI:
1.15, 1.17), in early, mid, and late childhood, respectively. Similarly, higher maternal gesta-
tional weight gain across its full range was associated with a higher risk of overweight/obesity
and higher childhood BMI in early, mid, and late childhood (Fig 2C and 2D). The ORs for
childhood overweight/obesity per SD increase in gestational weight gain were 1.14 (95% CI:
1.11,1.17), 1.16 (95% CI: 1.14, 1.18), and 1.14 (95% CI: 1.09, 1.20), in early, mid, and late child-
hood, respectively. Similar results were observed when performing 2-stage random effects
meta-analyses, with low to moderate heterogeneity (S3 and S4 Figs).

Combined effects of maternal pre-pregnancy BMI and gestational weight

gain clinical categories

Table 4 shows the combined effect of clinical categories of maternal pre-pregnancy BMI and
gestational weight gain on childhood overweight/obesity. Regardless of their mothers’ gesta-
tional weight gain, children of mothers with underweight tended to have a lower risk of over-
weight/obesity, whereas children of mothers with overweight or obesity had a higher risk of
overweight/obesity, as compared to children whose mothers had normal weight and adequate
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Table 3. Associations of maternal pre-pregnancy BMI and gestational weight gain clinical categories with childhood BMI standard deviation score (SDS).

Clinical category Childhood BMI standard deviation score
Early childhood Mid childhood Late childhood
2.0-5.0 years 5.0-10.0 years 10.0-18.0 years
Maternal pre-pregnancy BMI
Underweight (<18.5 kg/m?) ~0.29 (=0.33, -0.26) ~0.41 (-0.45, -0.38) —0.48 (~0.54, —0.41)
n = 3,240 n = 4,673 n=917
Normal weight (18.5-24.9 kg/m?) Reference Reference Reference
n=58,177 n = 84,119 n=13,737
Overweight (25.0-29.9 kg/m?) 0.19 (0.17,0.21) 0.33 (0.32, 0.35) 0.45 (0.41, 0.49)
n=17,258 n=23,671 n=2,819
Obesity (>30.0 kg/mz) 0.34 (0.32, 0.37) 0.62 (0.60, 0.64) 0.92 (0.86, 0.99)
n=7,138 n = 9,340 n = 1,004
Obesity class I (30.0-34.9 kg/mz) 0.32(0.29, 0.35) 0.57 (0.54, 0.59) 0.85 (0.76, 0.93)
n = 5,197 n = 6,944 n=730
Obesity class IT (35.0-39.9 kg/m?) 0.39 (0.33, 0.44) 0.72 (0.67, 0.77) 1.09 (0.96, 1.23)
n = 1,509 n = 1,854 n=215
Obesity class 1T (>40.0 kg/m?) 0.45 (0.35, 0.55) 0.94 (0.85, 1.03) 1.18 (0.92, 1.44)
n =343 n =542 n=>59
Gestational weight gain
Inadequate weight gain —0.10 (-0.12, —0.08) -0.09 (-0.11, -0.07) -0.09 (-0.13, —0.05)
n=15,782 n=21,094 n = 3,998
Adequate weight gain Reference Reference Reference
n =25,829 n=37,142 n = 5,247
Excessive weight gain 0.14 (0.12, 0.16) 0.22 (0.21, 0.24) 0.28 (0.24, 0.32)
n = 27,965 n = 40,879 n= 3,742

Values are regression coefficients (95% confidence intervals) from multilevel linear regression models that reflect differences in BMI SDS in early childhood (2.0-5.0
years), mid childhood (5.0-10.0 years), and late childhood (10.0-18.0 years) in children of mothers in the different pre-pregnancy BMI groups or gestational weight gain
groups, as compared with the reference group (normal weight for pre-pregnancy BMI and adequate weight gain for gestational weight gain). The models are adjusted
for maternal age, education level, ethnicity, parity, and smoking during pregnancy.

https://doi.org/10.1371/journal.pmed.1002744.t003

gestational weight gain. Within each maternal BMI category, excessive gestational weight gain
tended to increase the risk of overweight/obesity in early and mid childhood only slightly. The
combined associations of clinical categories of maternal pre-pregnancy BMI and gestational
weight gain with childhood BMI SDS are given in Table 5.

Discussion

In this IPD meta-analysis, we observed that higher maternal pre-pregnancy BMI and gesta-
tional weight gain were across their full ranges associated with higher risks of offspring over-
weight/obesity throughout childhood. The effects tended to be stronger at older ages.
However, the effect of gestational weight gain in addition to that of pre-pregnancy BMI was
small. At the population level, 21.7% to 41.7% of childhood overweight/obesity prevalence was
estimated to be attributable to maternal overweight and obesity together, whereas 11.4% to
19.2% was estimated to be attributable to excessive gestational weight gain.

Interpretation of main findings

Maternal obesity does not only affect pregnancy outcomes, but may also have persistent effects
on offspring fat development. Previous studies showed consistently that maternal overweight
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Fig 2. Associations of maternal pre-pregnancy BMI and gestational weight gain with the risk of overweight/obesity and childhood BMI. The circles, squares and
triangles represent odds ratios (ORs) (A and C) or regression coefficients (B and D) (95% confidence intervals) obtained from multilevel binary logistic or linear
regression models that reflect the risk of overweight/obesity or differences in early, mid, and late childhood BMI standard deviation score (SDS) in the different
maternal pre-pregnancy BMI or gestational weight gain groups, as compared to the reference group (20.0-22.5 kg/m? for maternal BMI, -1.0 to 0.0 SD for gestational
weight gain [largest groups], primary y-axis). The lines are trendlines through the estimates. The models are adjusted for maternal age, education level, ethnicity,

parity, and smoking during pregnancy. The bars represent the percentage overweight/obese children (A and C) or the median childhood BMI SDS (B and D) in early
(2.0-5.0 years, violet bars), mid (5.0-10.0 years, brown bars), and late childhood (10.0-18.0 years, light blue bars) in the study population (secondary y-axis).

https://doi.org/10.1371/journal.pmed.1002744.g002

and obesity were positively associated with offspring BMI [2-4]. In this IPD meta-analysis, we
observed not only that maternal overweight and obesity were associated with higher risks of
childhood overweight/obesity, but that these risks were progressively higher among children
of mothers with class I, class II, and class IIT obesity, respectively. In addition, we observed that
this association was not limited to the extremes of maternal BMI, but was present across the
full range. We observed a stronger association of maternal BMI with the risk of childhood
overweight/obesity at later ages. Although we used a different reference chart in early child-
hood and did not correct for correlations between BMI measurements due to the large sample
size, the observed association is unlikely to be explained by methodological issues as the
observed risk also increased between mid and late childhood, where we used the same refer-
ence charts. Also, 2 recent studies among 1,494 Australian and 3,805 Dutch participants
observed stronger associations of maternal BMI with childhood growth and obesity risk with
increasing age, while accounting for correlated repeated measures [16,17]. This increasing
strength of the association with age might reflect an intra-uterine programming mechanism
becoming more apparent when children get older, or might be explained by a stronger influ-
ence of lifestyle characteristics of the child at later ages. We estimated that about 10% to 20% of
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Table 4. Combined associations of maternal pre-pregnancy BMI and gestational weight gain clinical categories with the risk of childhood overweight/obesity.

Maternal pre-pregnancy BMI

Underweight (<18.5 kg/m?)

Inadequate weight gain
Adequate weight gain
Excessive weight gain

Normal weight (18.5-24.9 kg/m?)

Inadequate weight gain
Adequate weight gain
Excessive weight gain

Overweight (25.0-29.9 kg/m?)

Inadequate weight gain
Adequate weight gain
Excessive weight gain

Obesity (>30.0 kg/m?)

Inadequate weight gain
Adequate weight gain

Excessive weight gain

Childhood overweight/obesity

Early childhood
2.0-5.0 years

0.58 (0.42, 0.81)
Neasesitotal = 40/970

0.58 (0.42, 0.80)
Neases/total = 44/1,087

0.75 (0.49, 1.15)
Ncases/total = 25/455

0.87 (0.78, 0.96)
Neasesitotal = 583/12,027

Reference
Meases/total = 1,032/19,502

1.28 (1.17, 1.41)
Ncases/total = 1,010/14,927

1.49 (1.21, 1.82)
Ncases/total = 118/1,417
1.62 (1.41, 1.86)
Mcases/total = 295/3,451

1.85(1.68, 2.04)
Ncases/total = 828/9,010

2.04 (1.66, 2.52)
Ncases/total = 112/1,070
2.49 (2.09, 2.97)
Ncases/total = 171/1)378

2.63(2.32,2.98)
Ncases/total = 402/3,198

Mid childhood
5.0-10.0 years

0.39 (0.31, 0.48)
Neases/total = 97/1,284

0.46 (0.38, 0.56)
Neases/total = 126/1,538

0.75 (0.60, 0.95)
Neases/total = 85/635

0.91 (0.86, 0.96)
Ncases/total = 2,462/16,163

Reference
Ncases/total = 4,326/28,316

1.36 (1.30, 1.43)
Ncases/total = 4,381/22,400

1.61 (1.44, 1.81)
Neases/total = 447/1,767
1.87 (1.73,2.01)
Neases/total = 1,224/4,656

2.25(2.13,2.37)
Ncases/total = 3,660/12,786

2.95(2.62,3.31)
Neasesitotal = 509/1,382
3.45(3.12,3.82)
Ncases/total = 728/1)881

3.70 (3.44, 3.97)
Ncases/total = 1,758/4,380

Late childhood
10.0-18.0 years

0.36 (0.22, 0.58)
Neases/total = 19/266

0.37 (0.22, 0.62)
Neases/total = 16/226

1.28 (0.67,2.42)
Ncases/total = 13/56

0.95 (0.84, 1.08)
Neasesitotal = 536/3,255

Reference
Ncases/total = 677/4,173

1.30 (1.14, 1.49)
Neases/total = 446/2,162

2.04 (1.52, 2.74)
Ncases/total = 74/239
1.94 (1.58, 2.38)
Neases/total = 163/574

2.65 (2.28, 3.08)
Neases/total = 395/1,119

5.62 (3.94, 8.02)
Ncases/total = 76/137

4.64 (3.39, 6.34)
Ncases/total = 88/179

6.02 (4.79, 7.56)
Ncases/total = 207/366

Values are odds ratios (95% confidence intervals) from multilevel binary logistic regression models that reflect the risk of childhood overweight/obesity in early
childhood (2.0-5.0 years), mid childhood (5.0-10.0 years), and late childhood (10.0-18.0 years) in children of mothers in the different BMI and gestational weight gain
categories, as compared to the reference group (normal weight mothers with adequate gestational weight gain). The models are adjusted for maternal age, education
level, ethnicity, parity, and smoking during pregnancy. p-Values for interaction between maternal BMI and gestational weight gain for the risk of childhood overweight/
obesity: p = 0.038, p < 0.001, and p = 0.637 in early, mid, and late childhood, respectively.

https://doi.org/10.1371/journal.pmed.1002744.1004

overweight/obesity cases throughout childhood are attributable to maternal pre-pregnancy
overweight and obesity, with the highest proportions explained by maternal overweight. Thus,
our results suggest that high maternal BMI has a considerable population impact, and can be
used as a target for preventive strategies. Importantly, the risk of childhood overweight and
obesity is not confined to maternal obesity, but increases gradually over the full range of
maternal pre-pregnancy BMIL

In addition to pre-pregnancy BMI, the amount of weight gain during pregnancy also seems
to be associated with offspring obesity [18,19]. Previous meta-analyses of published studies
showed a 33% to 40% increased risk of overweight or obesity in children of mothers with
excessive gestational weight gain [6,7]. In line with these studies, we observed that excessive
gestational weight gain was related to a 39%-72% higher risk of overweight throughout child-
hood. On a population level, 11% to 19% of childhood overweight/obesity could be attributed
to excessive gestational weight gain. Also, gestational weight gain z-scores (specific for mater-
nal BMI and gestational age) across the full range tended to be associated with an increased
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Table 5. Combined associations of maternal pre-pregnancy BMI and gestational weight gain clinical categories with childhood BMI standard deviation score

(SDS).

Maternal pre-pregnancy BMI Childhood BMI
Early childhood Mid childhood Late childhood
2.0-5.0 years 5.0-10.0 years 10.0-18.0 years

Underweight (<18.5 kg/m?)

Inadequate weight gain

-0.32 (-0.39, -0.25)

-0.52 (-0.58, —0.47)

-0.53 (-0.65, —0.41)

n =991 n=1,351 n =280

Adequate weight gain -0.27 (-0.34, -0.21) -0.37 (-0.42, -0.31) —-0.43 (-0.57, —0.30)
n=1118 n=1,598 n=236

Excessive weight gain —-0.14 (-0.24, -0.05) -0.19 (-0.26, -0.11) —-0.21 (-0.47, 0.04)
n =469 n =666 n =60

Normal weight (18.5-24.9 kg/m?)

Inadequate weight gain

-0.10 (-0.12, -0.07)

-0.07 (-0.09, —0.05)

-0.06 (-0.11, —0.01)

n=12,264 n =16,549 n = 3,340
Adequate weight gain Reference Reference Reference

n=19,815 n=28,928 n =4,249
Excessive weight gain 0.10 (0.08, 0.13) 0.14 (0.13, 0.16) 0.12 (0.06, 0.17)

n=15,121 n = 22,825 n=2,187

Overweight (25.0-29.9 kg/m?)

Inadequate weight gain

0.06 (0.00, 0.12)

0.22(0.17, 0.27)

0.32(0.19, 0.45)

n = 1,445 n=1,803 n =241
Adequate weight gain 0.13 (0.09, 0.17) 0.29 (0.26, 0.32) 0.34 (0.25, 0.43)
n =3,501 n=4,715 n =581
Excessive weight gain 0.23 (0.20, 0.25) 0.41 (0.39, 0.43) 0.55 (0.49, 0.62)
n=9,137 n=12,962 n=1127
Obesity (>30.0 kg/m?)
Inadequate weight gain 0.26 (0.20, 0.26) 0.58 (0.52, 0.63) 0.94 (0.77,1.11)
n=1,082 n=1,391 n=137
Adequate weight gain 0.36 (0.30, 0.41) 0.64 (0.59, 0.69) 0.88(0.73, 1.03)
n=1395 n=1,901 n =181
Excessive weight gain 0.36 (0.33, 0.40) 0.69 (0.66, 0.72) 1.01 (0.90, 1.11)
n=3,238 n =4,426 n =368

Values are regression coefficients (95% confidence intervals) from multilevel linear regression models that reflect differences in BMI SDS in early childhood (2.0-5.0
years), mid childhood (5.0-10.0 years), and late childhood (10.0-18.0 years) in children of mothers in the different BMI and gestational weight gain groups compared
with the reference group (normal weight and adequate gestational weight gain). The models are adjusted for maternal age, education level, ethnicity, parity, and
smoking during pregnancy. p-Values for interaction between maternal BMI and gestational weight gain for childhood BMI SDS: p = 0.016, p = 0.002, and p = 0.406 in
early, mid, and late childhood, respectively.

https://doi.org/10.1371/journal.pmed.1002744.t005

risk of offspring overweight/obesity. Thus, higher gestational weight gain across the full range,
rather than only lower or higher gestational weight gain than recommended by the IOM,
seems to be related to offspring weight status.

For the prevention of childhood overweight and obesity, insight into the combined effects
of maternal BMI and gestational weight gain is important. Only 2 previous studies assessed the
combined associations of maternal pre-pregnancy BMI and gestational weight gain with child-
hood adiposity [20,21]. A study among 100,612 participants from China reported that, com-
pared to normal maternal weight and adequate weight gain, normal weight or overweight/
obesity and excessive gestational weight gain was associated with an increased risk of over-
weight at 3-6 years of age in children [20]. In a study in the US among 4,436 participants
describing trajectories of maternal weight from pre-pregnancy until the postpartum period,
the trajectory with the highest risk of offspring obesity at ages 6-11 and 12-19 years consisted
almost entirely of women who were overweight or obese at the start of pregnancy, but only
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half of this group had excessive gestational weight gain [21]. We observed that, compared to
children of women with normal weight and adequate gestational weight gain, children of over-
weight and obese mothers had a higher risk of overweight/obesity, regardless of gestational
weight gain. Within the BMI categories, there was only a small effect of gestational weight gain
on offspring overweight/obesity. These findings suggest that the effects of gestational weight
gain add only to a limited extent to the effects of maternal pre-pregnancy BMI.

Our results strongly suggest that maternal pre-pregnancy BMI and gestational weight gain
are associated with increased risk of overweight and obesity throughout childhood. It remains
unclear whether these associations are causal and which mechanisms are underlying these
associations. Maternal pre-pregnancy obesity and excessive gestational weight gain are com-
plex traits, which reflect multiple components. Maternal pre-pregnancy obesity reflects mater-
nal genetic predisposition, nutritional status, fat accumulation, and low-grade inflammation,
whereas maternal weight gain during pregnancy also reflects fluid expansion and growth of
the fetus, placenta, and uterus [22,23]. Both may, at least partly, be explained by intra-uterine
programming mechanisms. The fetal over-nutrition hypothesis suggests that increased fetal
exposure to nutrients may lead to persistent adaptations in the structure and function of adi-
pose tissue, appetite regulation, and energy metabolism, leading to an increased susceptibility
to later obesity [24,25]. Epigenetic processes may play an important role in these adaptations
[26]. The associations may also reflect genetic predisposition to obesity [27,28] or sociodemo-
graphic or lifestyle factors shared by mother and child. Common pregnancy disorders, includ-
ing gestational diabetes and gestational hypertensive disorders, have also been related to
offspring obesity risk [29-31]. However, using data from the same studies as our current analy-
ses, we previously reported that these associations were not independent of maternal BMI [9].
In the current analysis, the associations of maternal BMI with the risk of childhood over-
weight/obesity were independent of gestational diabetes and gestational hypertensive disor-
ders. Unfortunately, no information on maternal glucose concentrations was available to
assess the role of maternal glycemic status in further detail. Previous research has shown that
there are sex differences in weight and body fat development in childhood [32,33]. We hypoth-
esized that maternal BMI and gestational weight gain would influence the risk of childhood
overweight/obesity differently or with a different timing in boys and girls. However, we did
not observe sex differences in the observed associations, possibly due to the fact that BMI does
not distinguish between fat and lean mass. Further research is needed into the causality and
underlying mechanisms of these associations [22].

Maternal pre-pregnancy BMI and, to a smaller extent, gestational weight gain are important
modifiable risk factors of childhood weight status with a considerable population impact. Thus
far, intervention trials have been focused on maternal weight during mid or late pregnancy,
mostly showing reductions in gestational weight gain, but not showing any effect on birth out-
comes or infant body composition [34-36]. Only 1 small Swedish study including a lifestyle
intervention reported results on childhood adiposity and showed no difference in BMI at age 5
years [37]. We observed that the effect of excessive gestational weight gain was small in women
with pre-pregnancy overweight and obesity. We also observed that the highest proportion of
childhood overweight/obesity on a population level could be attributed to maternal pre-preg-
nancy overweight. Future intervention studies should shift their focus to preconceptional
weight management, targeting women of reproductive age to achieve a normal weight.

Strengths and limitations

We meta-analyzed original data of different pregnancy and birth cohorts, limiting the poten-
tial of publication bias and enabling a consistent definition of exposures and outcomes and
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adjustment for potential confounders. Due to the large sample size, we were able to study
effects in people with relatively rare conditions, such as severely obese women. We had data
available at different childhood ages, enabling us to study the effects throughout childhood.
We did not assess the associations of maternal BMI and gestational weight gain with the risk of
childhood overweight/obesity over time in longitudinal analyses, as the data needed for such
analyses were only available in a small subgroup of children and cohorts. Further studies are
needed specifically exploring the development of childhood overweight and obesity over time
in response to maternal BMI and gestational weight gain. Cohorts were initiated between 1989
and 2011. Given the rise in obesity prevalence in the past decades [38], it is likely that the cur-
rent obesity prevalence and consequently the proportions of childhood overweight/obesity
attributable to maternal overweight and obesity are underestimated. In our study, fewer
cohorts reached the age for the late childhood analyses than for the early or mid childhood
analyses. Our results for the late childhood analyses may be biased by cohort effects. We con-
sider that the bias would most likely lead to an underestimation of the age differences because
of the higher prevalences of childhood obesity in more recently started cohorts with younger
children. As this study only included cohorts from Europe, North America, and Australia, and
demographic characteristics in other continents may be different, results can only be general-
ized to participants from these continents. Further studies are needed to address similar
research questions in other populations. We performed sensitivity analyses based on 2-stage
random effects meta-analyses, which gave similar results with low to moderate heterogeneity
between the cohorts. We used a missing value category to deal with missing data for covariates.
Due to data availability and the size of the dataset, we were not able to apply more advanced
imputation strategies. We observed similar results when we conducted a complete case analysis
(S7 and S8 Tables). Because maternal BMI was self-reported in some cohorts, some misclassifi-
cation and underestimation of the effect estimates might be present. For the cohorts with no
information on maternal pre-pregnancy BMI available, we used BMI measured in early preg-
nancy, which might have led to an overestimation of BMI as a result of gestational weight gain.
For the country-specific analyses, it is important to note that countries are represented by 1 to
5 cohorts of different sample sizes per country and that not all cohorts are population-based,
affecting the representativeness of the results for the full country. Although we adjusted the
models for potential confounders, residual confounding by, for example, physical activity and
dietary intake might still be an issue.

Conclusions

Higher maternal pre-pregnancy BMI and gestational weight gain are across their full ranges
associated with an increased risk of offspring overweight/obesity throughout childhood and
have a considerable population impact. The effect of gestational weight gain in addition to the
effect of maternal pre-pregnancy BMI was small. Future intervention trials aiming to reduce
childhood overweight and obesity should focus on maternal weight status before pregnancy, in
addition to weight gain during pregnancy.

Supporting information

S1 Fig. Country-specific description of exposures and outcomes.
(PDF)

$2 Fig. Country-specific PARs of maternal overweight, maternal obesity, and excessive ges-
tational weight gain for mid childhood overweight/obesity.
(PDF)
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