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Context: Gestational weight gain (GWG) is known to be a risk factor for offspring 
obesity, a precursor of cardiometabolic diseases. Accumulating studies have investi
gated the association of GWG with offspring cardiometabolic risk factors (CRFs), 
leading to inconsistent results. Objective: This study synthesized available data 
from cohort studies to examine the effects of GWG on offspring CRFs. Data 
Source: Four electronic databases, including PubMed, Web of Science, Scopus, and 
Embase, were searched through May 2023. Data Extraction: Cohort studies eval
uating the association between GWG and CRFs (fat mass [FM], body fat percentage 
[BF%], waist circumference [WC], systolic blood pressure [SBP] and diastolic blood 
pressure, high-density-lipoprotein cholesterol [HDL-C] and low-density-lipoprotein 
cholesterol, triglyceride [TG], total cholesterol, fasting blood glucose, and fasting 
insulin levels) were included. Regression coefficients, means or mean differences 
with 95% confidence intervals [CIs], or standard deviations were extracted. Data 
Analysis: Thirty-three cohort studies were included in the meta-analysis. Higher 
GWG (per increase of 1 kg) was associated with greater offspring FM (0.041 kg; 
95% CI, 0.016 to 0.067), BF% (0.145%; 95% CI, 0.116 to 0.174), WC (0.154 cm; 95% 
CI, 0.036 to 0.272), SBP (0.040 mmHg; 95% CI, 0.010 to 0.070), and TG 
(0.004 mmol/L; 95% CI, 0.001 to 0.007), and with lower HDL-C (–0.002 mmol/L; 
95% CI, –0.004 to 0.000). Consistently, excessive GWG was associated with higher 
offspring FM, BF%, WC, and insulin, and inadequate GWG was associated 
with lower BF%, low-density lipoprotein cholesterol, total cholesterol, and TG, com
pared with adequate GWG. Most associations went non-significant or 
attenuated with adjustment for offspring body mass index or FM. Conclusions: 
Higher maternal GWG is associated with increased offspring adiposity, SBP, TG, 
and insulin and decreased HDL-C in offspring, warranting a need to control GWG 
and to screen for cardiometabolic abnormalities of offspring born to mothers with 
excessive GWG.
Systematic Review Registration: PROSPERO registration no. CRD42023412098.
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INTRODUCTION

Maternal obesity is prevalent globally, with excessive 

gestational weight gain (GWG) as a substantial driver.1,2

According to the guidelines of the National Academy of 

Medicine (NAM; formerly the Institute of Medicine 

[IOM]) (see Table S1 in the Supporting Information 

online) released in 2009, the prevalence of excessive 

GWG has reached 39% worldwide.2 The corresponding 

figure was 50% in North America2, as high as 58% in 

China3, and kept increasing across nations.4,5

The highly prevalent excessive GWG not only 

posed a threat to maternal health but also jeopardized 

short- and long-term health for their offspring.6,7

Previous studies have reported that excessive GWG may 

increase the risk of offspring obesity,8 a well-known 

precursor of cardiometabolic diseases.9 Accumulating 

epidemiological studies have investigated the impact of 

GWG and offspring cardiometabolic risk factors 

(CRFs). However, the results remain inconsistent,10

with some reporting significant associations,11–13 and 

some not reporting these associations.14,15 Until now, 

there were 2 previous meta-analyses focusing on only 

offspring blood pressure and insulin, which reported 

significant results,16,17 but none focusing on other off

spring CRFs. A comprehensive picture of the impact of 

GWG on a spectrum of CRF outcomes is essential for 

preventing cardiometabolic disease, particularly given 

its rising burden on morbidity and mortality in 

populations.18

The objective of this meta-analysis was to examine 

the associations of maternal GWG with a spectrum of 

CRF outcomes in offspring, and to examine the media

ting effects of offspring anthropometry on the 

associations.

METHODS

Search strategy and study selection

Our meta-analysis was conducted according to the 

Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines (see Table S2 in 

the Supporting Information online). The research proto

col was prospectively registered at PROSPERO (http:// 

www.crd.york.ac.uk/Prospero; no. CRD42023412098). 

Four electronic databases, including PubMed, Web of 

Science, Scopus, and Embase, were searched through 

May 2023. A systematic search strategy was developed 

to identify published reports concerning the association 

of GWG with offspring CRFs (eg, measures of body fat

ness, blood pressure, blood lipids, and glycemia). Index 

terms, subject subheadings, and some word truncations 

related to the exposure and outcome measures, 

according to each database, were also used to map all 

possible key words (see Table S3 in the Supporting 

Information online).

The selection of studies was conducted by 2 inde

pendent evaluators (J.W. and A.L.) to screen the titles 

and abstracts of all articles initially identified according 

to the eligibility criteria. The full texts of the potentially 

relevant articles were retrieved for further screening to 

confirm their eligibility. The reference lists of the 

selected articles on the topic were manually screened to 

identify additional publications.

The articles were eligible if they met the following 

PICOS (Population, Intervention, Comparison, 

Outcomes, and Study design) criteria (Table 1): (1) 

focused on healthy singleton pregnant women; (2) 

examined the effects of GWG; (3) assessed at least 1 of 

the outcomes, including fat mass (FM), body fat per

centage (BF%), waist circumference (WC), systolic or 

diastolic blood pressure (SBP or DBP), high- or low- 

density-lipoprotein cholesterol (HDL-C or LDL-C), 

total cholesterol (TC), triglyceride (TG), fasting blood 

glucose (FBG) or insulin; and (4) were cohort studies 

published in English or Chinese. Articles were excluded 

if they were literature reviews, case reports, and animal 

or cell studies. For articles from the same cohort, the 

article with the most complete information was 

included. Disagreements were resolved by discussion or 

by consultation with an adjudicator (Y.Z.).

Data extraction and quality assessment

Data extraction was conducted by 2 independent 

reviewers (J.W. and A.L.) using a standard form, includ

ing study characteristics (first author, publication year, 

country, study design, sample size, offspring age at 

measurement), maternal GWG exposure (continuous 

total GWG, categorized total GWG, or others), out

comes, effect estimates (regression coefficient, mean or 

mean difference [MD], risk ratio [RR] or odds ratio 

[OR], with standard deviation [SD] or 95% confidence 

Table 1 PICOS criteria for inclusion of studies
Parameter Criterion

Population Healthy singleton pregnant women
Intervention Continuous GWG; excessive and  

inadequate GWG
Comparator Adequate GWG
Outcome At least 1 of the outcomes including FM,  

BF%, WC, SBP, DBP, HDL-C, LDL-C, TC,  
TG, FBG, or insulin

Study design Cohort studies
Abbreviations: BF%, body fat percentage; DBP, diastolic blood 
pressure; FBG, fasting blood glucose; FM, fat mass; GWG, ges
tational weight gain; HDL-C, high-density-lipoprotein choles
terol; LDL-C, low-density-lipoprotein cholesterol; SBP, systolic 
blood pressure; WC, waist circumference; TC, total choles
terol; TG, triglyceride.
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interval [CI]), and confounders. Adjusted effect esti

mates were extracted, where possible; otherwise, crude 

estimates were extracted. If several multivariate- 

adjusted estimates were available, the most fully 

adjusted one was extracted. If a study reported both 

estimates adjusted without and with offspring anthrop

ometry, which has been reported as a critical media

tor,11,16 both estimates were extracted for potential 

sensitivity analysis. If a study reported more than 1 esti

mate within the same cohort, the estimates with the lon

gest follow-up were extracted. If a study reported 

several estimates from mutually exclusive cohorts, all 

estimates were extracted.

The methodological quality of the included cohort 

studies was assessed using the Newcastle-Ottawa 

Scale.19 Studies were scored according to population 

selection (up to 4 points), outcome assessment (up to 3 

points), and group comparability (up to 2 points). The 

total score ranged from 0 to 9, and 0–5 was defined as 

low quality, 6–7 as moderate quality, and 8–9 as high 

quality. Disagreements regarding data items or quality 

assessment were resolved by discussion with an adjudi

cator (Y.Z.), when necessary.

Statistical analysis

Effects of GWG on offspring CRFs were expressed as 

unstandardized regression coefficients (B) or MD with 

95% CIs. For studies that reported standardized regres

sion coefficients (b), the b was converted into B if the 

corresponding SD was available.17 For studies that 

reported medians with 25th and 75th percentiles, the 

mean and SD were estimated from the median and the 

percentiles.20 The most completely adjusted effect esti

mates were used for syntheses, where possible; other

wise, crude estimates were used. For studies that 

extracted both estimates adjusted without or with off

spring anthropometry, the former estimates were used 

in the main analysis.

Heterogeneity in study results was quantified using 

the I2 statistic. A fixed-effects model was applied to pool 

the results when I2 �50%, and a random-effects model 

was used when I2 >50%.21 If 6 or more cohort studies 

were available, then potential sources of heterogeneity 

were explored using subgroup analyses and meta- 

regression. Publication bias was visually inspected with 

a funnel plot, and further quantitatively assessed using 

the Egger’s test. The influence of potential publication 

bias on pooled results was assessed using the trim-and- 

fill method. In sensitivity analysis, we pooled and com

pared the estimates adjusted without and with offspring 

anthropometry from the same studies to explore the 

mediating role of offspring anthropometry. The statisti

cal analyses were performed using Review Manager 

(version 5.4; Cochrane) and R package “meta” (R ver

sion 4.2.2; R Foundation for Statistical Computing). All 

tests were 2-sided, and P < 0.05 was regarded as statisti

cally significant.

RESULTS

Study selection and characteristics

Of 8848 records identified by the initial search, 115 were 

selected for full-text review; 38 studies met the eligibility 

criteria for systematic review (Fig. 1). The characteristics of 

the 38 studies are shown in Table 2.11–15,22–54 There were 

10 studies performed in the United States, 5 in Brazil, 

15 in Europe, 4 in Australia, and 4 in Asia. Gestational 

weight gain was treated differently across studies: 

25 studies categorized total GWG according to 

the IOM recommendation (excessive, adequate, or 

inadequate)12,13,15,23,24,26,28,29,31,33,35,36,38,42,43,45,46,48–52 

,54 or GWG tertiles27,53; 16 studies used continuous total 

GWG11,12,14,22,23,25,29,30,33,34,36,37,39,41,44,54; 4 studies used 

GWG rate15,37,39,40; and 6 studies used trimester-specific 

GWG.24,33,36,37,39,40 The age of offspring at measurement 

varied between studies: 12 studies measured offspring in 

the infancy period (0–1 y), 23 in childhood (1—18 y), and 

6 in adulthood periods (>18 y). The methodologic quality 

of the studies was overall acceptable, with 25 studies 

assessed as high quality and 13 as moderate quality (see 

Table S4 in the Supporting Information online).

Of the 38 studies, 5 studies were excluded from 

meta-analysis as they did not report SDs or 95% CIs25,44

or reported categorical outcomes29,31,45 that are not suf

ficient for statistical synthesis (see Table S5 in the 

Supporting Information online). Finally, 33 studies 

involving 90 968 mother–child pairs were included in 

the meta-analysis (Fig. 1).

Meta-analysis

Gestational weight gain and measures of body fatness. 

Twelve studies assessed the relationship of GWG with 

FM of offspring, 18 studies with BF%, and 13 studies 

with WC. Meta-analysis showed that continuous GWG 

was positively correlated with FM (B, 0.041; 95% CI, 

0.016 to 0.067 kg per kg; P¼ 0.001; I2¼ 89%) (Table 3,  

Fig. 2A), BF% (B, 0.145; 0.116 to 0.174 % per kg; 

P< 0.001; I2¼ 0%) (Table 3), and WC of offspring (B, 

0.154; 0.036 to 0.272 cm per kg; P¼ 0.011; I2¼ 83%) 

(Table 3). As compared with adequate GWG, excessive 

GWG was significantly associated with greater FM 

(MD, 0.114; 0.042 to 0.185 kg; P¼ 0.002; I2¼ 97%) 

(Table 4), BF% (MD, 1.359; 95% CI, 0.505 to 2.212 %; 

P¼ 0.002; I2¼ 94%) (Table 4), and WC (MD, 1.775; 

0.735 to 2.816 cm; P< 0.001; I2¼ 73%) (Table 4); 
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inadequate GWG was associated with lower BF% (MD, 

–0.960; –1.276 to –0.644 %; P< 0.001; I2¼ 15%) 

(Table 4), but not with FM (MD, –0.098; –0.198 to 0.002 

kg; P¼ 0.056; I2¼ 67%) (Table 4) or WC (MD, 0.055; 

–0.213 to 0.322; cm; P¼ 0.688; I2¼ 14%) (Table 4).

Gestational weight gain and blood pressure. Seventeen 

studies assessed the association of GWG with offspring 

SBP, and 15 studies with DBP. In meta-analysis, contin

uous GWG was positively correlated with SBP (B, 0.040; 

95% CI, 0.010 to 0.070 mmHg per kg; P¼ 0.009; 

I2¼ 46%) (Table 3, Fig. 2B), but not with DBP (B, 0.021; 

–0.010 to 0.052 mmHg per kg; P¼ 0.179; I2¼ 49%) 

(Table 3). As compared with adequate GWG, excessive 

or inadequate GWG was not associated with SBP 

(excessive GWG: MD, 0.150; –0.251 to 0.552 mmHg; 

P¼ 0.463; I2¼ 55% [Table 4]; inadequate GWG: MD, 

0.172; –0.033 to 0.377 mmHg; P¼ 0.100; I2¼ 0% 

[Table 4]) or DBP (excessive GWG: MD, 0.557; –0.040 

to 1.154 mmHg; P¼ 0.067; I2¼ 71% [Table 4]; inad

equate GWG: MD, 0.076; –0.244 to 0.396 mmHg; 

P¼ 0.641; I2¼ 0% [Table 4]).

Gestational weight gain and dyslipidemia. Eleven studies 

assessed the association of GWG with offspring HDL-C, 

8 studies with LDL-C, 9 studies with TC, and 10 studies 

with TG. Meta-analysis showed that continuous GWG 

was correlated with increased TG (B, 0.004; 95% CI, 

0.001 to 0.007 mmol/L per kg; P¼ 0.012; I2¼ 0%) 

(Table 3), but not with LDL-C (B, 0.002; –0.003 to 0.007 

mmol/L per kg; P¼ 0.436; I2¼ 0%) (Table 3) or TC (B, 

–0.043; –0.202 to 0.117 mmol/L per kg; P¼ 0.600; 

I2¼ 0%) (Table 3), and mildly associated with decreased 

HDL-C (B, –0.002; –0.004 to 0.000 mmol/L per kg; 

P¼ 0.049; I2¼ 0%) (Table 3, Fig. 2C). As compared 

with adequate GWG, excessive GWG was not associated 

with LDL-C (MD, –0.030; –0.069 to 0.009 mmol/L; 

P¼ 0.099; I2¼ 95%) (Table 4), TC (MD, –0.033; –0.088 

to 0.023 mmol/L; P¼ 0.246; I2¼ 65%) (Table 4), TG 

(MD, –0.002; –0.014 to 0.010 mmol/L; P¼ 0.781; 

I2¼ 63%) (Table 4), or HDL-C (MD, –0.015; –0.039 to 

0.010 mmol/L; P¼ 0.253; I2¼ 59%) (Table 4); inad

equate GWG was associated with lower LDL-C (MD, 

–0.050; –0.088 to –0.012 mmol/L; P¼ 0.002; I2¼ 0%) 

(Table 4), TC (MD, –0.069; –0.119 to –0.029 mmol/L; 

P¼ 0.007; I2¼ 11%) (Table 4), and TG (MD, –0.019; 

–0.033 to –0.005 mmol/L; P¼ 0.006; I2¼ 0%) (Table 4), 

Figure 1 Flow diagram of the literature search process. Abbreviations: CI, confidence interval; SD, standard deviation 
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but not with HDL-C (MD, 0.009; –0.012 to 0.029 

mmol/L; P¼ 0.413; I2¼ 0%) (Table 4).

Gestational weight gain and blood glucose. Eight studies 

assessed the association of GWG with offspring FBG, 

and 9 studies with fasting insulin. In meta-analysis, con

tinuous GWG was not associated with offspring FBG 

(B, 0.000; 95% CI, –0.003 to 0.003 mmol/L per kg; 

P¼ 0.872; I2¼ 0%) (Table 3) or insulin (B, 0.003; –0.003 

to 0.008 mmol/L per kg; P¼ 0.394; I2¼ 0%) (Table 3). 

As compared with adequate GWG, excessive or inad

equate GWG was not associated with offspring FBG 

(excessive GWG: MD, –0.028; –0.076 to 0.019 mmol/L; 

P¼ 0.241; I2¼ 6%; inadequate GWG: MD, –0.015; 

–0.081 to 0.052 mmol/L; P¼ 0.670; I2¼ 39%) (Table 4). 

As compared with adequate GWG, excessive GWG was 

associated with greater offspring insulin (MD, 1.774; 

0.941 to 2.607 mmol/L; P< 0.001; I2¼ 0%) (Table 4;  

Fig. 2D), while no significant association was found for 

inadequate GWG (MD, –0.055; –2.225 to 2.114 mmol/ 

L; P¼ 0.960; I2¼ 74%) (Table 4).

Mediating effect of offspring anthropometry

To explore the mediating role of offspring anthropome

try, we conducted sensitivity analysis using 12 studies 

(11 adjusted for offspring body mass index [BMI], 1 for 

offspring FM), which simultaneously reported the esti

mates adjusted without and with this potential mediator 

(Table 5). After adjustment for offspring anthropome

try, the pooled results turned to non-significant for TG 

(B: 0.005 [0.001, 0.008] mmol/L per kg; P ¼ 0.014; 

I2¼ 0% vs 0.001 [–0.003, 0.005] mmol/L per kg; 

P¼ 0.558; I2¼ 0%) (Table 5) and SBP (MD [excessive 

GWG]: 0.652 [0.259, 1.045] mmHg; P ¼ 0.001; I2¼ 0% 

vs 0.617 [–0.375, 1.609] mmHg; P¼ 0.223; I2¼ 67%) 

(Table 5). The results for WC (B: 0.126 [–0.042, 0.295] 

cm per kg; P ¼ 0.143; I2¼ 86% vs 0.009 [–0.084, 0.102] 

cm per kg; P¼ 0.849; I2¼ 67%) (Table 5) and SBP (B: 

0.030 [–0.002, 0.063] mmHg per kg; P ¼ 0.068; 

I2¼ 49% vs 0.002 [–0.037, 0.042] mmHg per kg; 

P¼ 0.901; I2¼ 37%) (Table 5) seemed to be attenuated, 

although they were all non-significant.

Table 3 Results of meta-analysis for continuous gesta
tional weight gain (per kg) and cardiometabolic risk 
factors in offspring
Outcomes No. of  

studies
B 95% CI Pa

FM, kg 7 0.041 (0.016, 0.067) 0.001
BF%, % 6 0.145 (0.116, 0.174) <0.001
WC, cm 4 0.154 (0.036, 0.272) 0.011
SBP, mmHg 7 0.040 (0.010, 0.070) 0.009
DBP, mmHg 5 0.021 (–0.010, 0.052) 0.179
HDL-C, mmol/L 3 –0.002 (–0.004, 0.000) 0.049
LDL-C, mmol/L 2 0.002 (–0.003, 0.007) 0.436
TC, mmol/L 2 –0.043 (–0.202, 0.117) 0.600
TG, mmol/L 3 0.004 (0.001, 0.007) 0.012
FBG, mmol/L 3 0.000 (–0.003, 0.003) 0.872
Insulin, mmol/L 3 0.003 (–0.003, 0.008) 0.394
aP values for statistically significant associations (at P< 0.05) 
are shown in bold.
Abbreviations: B, unstandardized regression coefficient; BF%, 
body fat percentage; CI, confidence interval; DBP, diastolic 
blood pressure; FBG, fasting blood glucose; FM, fat mass; 
HDL-C, high-density-lipoprotein cholesterol; LDL-C, low-den
sity-lipoprotein cholesterol; SBP, systolic blood pressure; TC, 
total cholesterol; TG, triglyceride; WC, waist circumference.

Figure 2 Forest plots of maternal GWG and selected cardiometabolic risk factor outcomes of offspring. (A) B-regression coefficients of 
the association between continuous GWG and offspring FM. (B) B-regression coefficients of the association between continuous GWG and 
offspring SBP. (C) B-regression coefficients of the association between continuous GWG and offspring HDL-C. (D) Mean difference in off
spring insulin between excessive and adequate GWG. Squares represent effect estimates within each study, with 95% CIs represented by 
horizontal lines. Square size is proportional to the weight of each study. Diamonds represent the synthesized effect size. Abbreviations: CI, 
confidence interval; FM, fat mass; GWG, gestational weight gain; HDL-C, high-density-lipoprotein cholesterol; IV, inverse variance; MD, mean 
difference; SBP, systolic blood pressure; SE, standard error
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Effects of maternal prepregnancy BMI and pregnancy 
trimesters

The effects of GWG may be modified by maternal pre

pregnancy BMI and pregnancy trimesters. Three studies 

tried to explore the interaction between maternal pre

pregnancy BMI and GWG on offspring body fatness. 

Two studies found that the effects of GWG seemed 

greater in women with higher prepregnancy BMI,13,40

although 1 study reported an non-significant interaction 

effect between maternal prepregnancy BMI and 

GWG.36 Six studies explored the effects of GWG in dif

ferent trimesters of pregnancy on offspring outcomes. 

One study found that GWG in all 3 trimesters was 

Table 4 Results of meta-analysis for categorized gestational weight gain and cardiometabolic risk factors in offspring
Outcomes No. of studies MD 95% CI Pa

Excessive GWG vs adequate GWG
FM, kg 10 0.114 (0.042, 0.185) 0.002
BF% 12 1.359 (0.505, 2.212) 0.002
WC, cm 3 1.775 (0.735, 2.816) <0.001
SBP, mmHg 6 0.150 (–0.251, 0.552) 0.463
DBP, mmHg 7 0.557 (–0.040, 1.154) 0.067
HDL-C, mmol/L 5 –0.015 (–0.039, 0.010) 0.253
LDL-C, mmol/L 5 –0.030 (–0.069, 0.009) 0.099
TC, mmol/L 5 –0.033 (–0.088, 0.023) 0.246
TG, mmol/L 5 –0.002 (–0.014, 0.010) 0.781
FBG, mmol/L 4 –0.028 (–0.076, 0.019) 0.241
Insulin, mmol/L 5 1.774 (0.941, 2.607) <0.001

Inadequate GWG vs adequate GWG
FM, kg 7 –0.098 (–0.198, 0.002) 0.056
BF% 5 –0.960 (–1.276, –0.644) <0.001
WC, cm 3 0.055 (–0.213, 0.322) 0.688
SBP, mmHg 5 0.172 (–0.033, 0.377) 0.100
DBP, mmHg 6 0.076 (–0.244, 0.396) 0.641
HDL-C, mmol/L 3 0.009 (–0.012, 0.029) 0.413
LDL-C, mmol/L 3 –0.050 (–0.088, –0.012) 0.002
TC, mmol/L 2 –0.069 (–0.119, –0.029) 0.007
TG, mmol/L 3 –0.019 (–0.033, –0.005) 0.006
FBG, mmol/L 2 –0.015 (–0.081, 0.052) 0.670
Insulin, mmol/L 3 –0.055 (–2.225, 2.114) 0.960

aP values for statistically significant associations (at P< 0.05) are shown in bold.
Abbreviations: BF%, body fat percentage; CI, confidence interval; DBP, diastolic blood pressure; FBG, fasting blood glucose; FM, fat 
mass; GWG, gestational weight gain; HDL-C, high-density-lipoprotein cholesterol; LDL-C, low-density-lipoprotein cholesterol; MD, 
mean difference; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride; WC, waist circumference.

Table 5 Synthesized effect size adjusted without and with offspring anthropometrya

Outcomes Unadjusted Adjusted

No. of studies TEb 95% CI Pc TEb 95% CI Pc

Continuous GWG
WC, cm 3 0.126 (–0.042, 0.295) 0.143 0.009 (–0.084, 0.102) 0.849
SBP, mmHg 4 0.030 (–0.002, 0.063) 0.068 0.002 (–0.037, 0.042) 0.901
DBP, mmHg 2 0.073 (–0.054, 0.200) 0.257 0.042 (–0.014, 0.099) 0.144
HDL-C, mmol/L 2 − 0.002 (–0.004, 0.001) 0.232 0.000 (–0.003, 0.003) 0.975
TG, mmol/L 2 0.005 (0.001, 0.008) 0.014 0.001 (–0.003, 0.005) 0.558
FBG, mmol/L 2 0.000 (–0.003, 0.004) 0.865 0.000 (–0.009, 0.009) 0.937

Excessive GWG vs adequate GWG
SBP, mmHg 3 0.652 (0.259, 1.045) 0.001 0.617 (–0.375, 1.609) 0.223

Inadequate GWG vs adequate GWG
FM, kg 2 − 0.185 (–1.057, 0.687) 0.678 − 0.016 (–0.545, 0.513) 0.952
SBP, mmHg 3 0.023 (–0.307, 0.353) 0.892 − 0.043 (–0.408, 0.322) 0.817
DBP, mmHg 2 0.013 (–0.296, 0.322) 0.933 − 0.034 (–0.343, 0.275) 0.831

aSynthesized effect size: an estimate measuring the magnitude and direction of the overall effect combining the results from individ
ual studies.
bTotal effect size, including unstandardized regression coefficients for continuous GWG, mean difference for excessive and inadequate 
GWG.
cP values for statistically significant associations (at P< 0.05) are shown in bold.
Abbreviations: CI, confidence interval; DBP, diastolic blood pressure; FBG, fasting blood glucose; FM, fat mass; GWG, gestational weight 
gain; HDL-C, high-density-lipoprotein cholesterol; SBP, systolic blood pressure; TE, total effect size; TG, triglyceride; WC, waist 
circumference.
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associated with adiposity36 and another found that 

GWG before 36 gestational weeks but not thereafter was 

associated with offspring CRFs.24 The remaining 4 stud

ies consistently reported that GWG in early pregnancy, 

but less likely in mid- or late pregnancy, had significant 

associations with offspring CRFs.33,37,39,40

Heterogeneity and publication bias

Subgroup analysis and meta-regression were performed 

to assess the source of large heterogeneity for the associ

ations of excessive GWG with FM (I2¼ 97%), BF% 

(I2¼ 94%), SBP (I2¼ 55%), and DBP (I2¼ 71%); inad

equate GWG with FM (I2¼ 67%); and continuous 

GWG with FM (I2¼ 89%). According to subgroup anal

yses, the heterogeneity of these associations could not 

be explained by any of the examined characteristics, 

including sample size (<1000, 1000–10 000, >10 000), 

study quality (high, medium, or low), geographic region 

(Europe, Asia, America, Brazil, or Australia), adjust

ment of critical confounders of maternal prepregnancy 

BMI (adjusted or unadjusted), or offspring’s age 

(infancy [0–1 y], childhood [1–18 y], or adulthood [>18 

y]). According to meta-regression, sample size, quality 

score, and offspring’s age seemed to partly explain the 

potential source of the heterogeneity (see Table S6 in the 

Supporting Information online).

The funnel plot for the association of excessive 

GWG with FM showed some asymmetry (see Fig. S12 in 

the Supporting Information online), with a statistically 

significant Egger’s test (P¼ 0.035). The trim-and-fill 

analysis showed that the association was non-significant 

(MD, 0.007; –0.070, 0.083 kg; P ¼ 0.866; I2¼ 97%), 

indicating that the pooled result was likely affected by 

potential publication bias. No significant publication 

bias was found for other outcomes (see Figs. S13–S20 in 

the Supporting Information online).

DISCUSSION

In this meta-analysis of cohort studies, maternal GWG 

was associated with a range of offspring CRFs. When ana

lyzed as a continuous variable, GWG was positively corre

lated with offspring FM, BF%, WC, SBP, and TG, and 

negatively with HDL-C. When analyzed as a categorical 

variable, excessive GWG was associated with greater off

spring FM, BF%, WC, and insulin, and inadequate GWG 

was associated with lower BF%, LDL-C, TC, and TG, as 

compared with adequate GWG. Most of these associations 

went non-significant or attenuated after adjustment of off

spring anthropometry, indicating that the associations of 

maternal GWG with offspring CRFs seem to be partly 

driven by offspring body weight. No significant association 

was observed for DBP or FBG of offspring.

To our knowledge, this is the first review that has sys

tematically examined the association of maternal GWG 

with a range of offspring CRFs, integrating all available 

evidence from cohort studies. A previous systematic 

review qualitatively, but not quantitatively, summarized 

the effects of GWG on offspring adiposity indices such as 

FM and BF%.55 Our meta-analysis showed that each 

increase of 1 kg in GWG was associated with 0.04-kg 

greater FM, 0.15% greater BF%, and 0.15-cm greater WC 

of offspring; consistently, offspring born from excessive 

GWG mothers were likely to have 0.11-kg higher FM, 

1.36% higher BF%, and 1.78-cm greater WC, as compared 

with those from adequate GWG mothers. These findings 

not only supported that excessive GWG increased the risk 

of offspring obesity defined using BMI56 but also enriched 

the evidence about the effects of maternal GWG on off

spring adiposity measures. A previous meta-analysis 

showed that GWG was positively correlated with offspring 

SBP (0.05 mmHg per kg) but not with DBP.16 We 

extended this meta-analysis to more recently published 

studies, and consistently found similar results that GWG 

was positively associated with offspring SBP (0.04 mmHg 

per kg) rather than DBP. Additionally, our meta-analysis 

extends previous work on other CRF outcomes. For exam

ple, we have clarified that each increase of 1 kg in GWG 

was associated with 0.004-mmol/L higher TG and 0.002- 

mmol/L lower HDL-C, excessive versus adequate GWG 

was associated with 1.77-mmol/L greater insulin, and 

inadequate GWG was associated with 0.05-mmol/L and 

0.07-mmol/L lower LDL-C and TC, respectively. These 

associations seem to be stronger in women with higher 

prepregnancy BMI,13,40 and for GWG in early pregnancy 

but not in later pregnancy.33,37,39,40 Whether modifying 

roles of maternal BMI and periods of pregnancy exist still 

needs to be explored in future studies.

A web of biological factors, which are not mutually 

exclusive, could be the mechanisms underlying these asso

ciations. First, offspring obesity might be a critical media

tor in the associations between GWG and offspring 

CRFs,16,23,57 as shown in our sensitivity analysis. Mothers 

with excessive GWG were more likely to have genetic sus

ceptibility to adiposity, unhealthy diet patterns, or less 

physical activity, all of which could be inherited in their 

offspring,58 leading to greater adiposity risk and then car

diometabolic abnormalities in their offspring.59 Second, 

mothers with excessive GWG could deliver greater glu

cose, amino acids, and free fatty acids to the fetus in utero, 

perturbing the fetal development or metabolism via an 

epigenetic process,60 hormone secretion,61 or appetite- 

regulation changes,62 and predisposing the offspring to 

greater cardiometabolic risks.63

Our systematic review and meta-analysis had limi

tations. First, studies included in the meta-analysis 

treated GWG differently, restricted to various 
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outcomes, and reported different effect measures, which 

resulted in a limited number of available studies and 

difficulty in synthesizing the findings. Second, the lim

ited number of studies restricted us to perform sub

group analysis by prepregnancy BMI and periods of 

pregnancy, which have been suggested to be potential 

modifiers. Third, high heterogeneity was observed in 

some outcomes, which could be partly explained by 

sample size, quality score, or offspring’s age according 

to our meta-regression.

CONCLUSION

Our systematic review and meta-analysis of cohort stud

ies showed that higher maternal GWG may predispose 

offspring to higher cardiometabolic risk, which could be 

partly driven by offspring anthropometry. Our findings 

support the recommendation that excessive GWG 

should be avoided for the health of offspring, given that 

children born to excessive GWG mothers may have 

greater cardiometabolic risk. Further studies are war

ranted to explore the roles of maternal prepregnancy 

BMI and periods of pregnancy on these associations.
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