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Abstract
Background  Perinatal growth abnormalities program susceptibility to childhood obesity, which is further exaggerated by 
maternal overweight and obesity (MO) during pregnancy. Exercise is highly accessible, but reports about the benefits of 
maternal exercise on fetal growth and childhood obesity outcomes are inconsistent, reducing the incentives for pregnant 
women to participate in exercise to improve children’s perinatal growth.
Objective  This systematic review and meta-analysis aims to establish evidence-based efficacy of exercise in mothers with 
normal weight (MNW) and MO during pregnancy in reducing the risks of perinatal growth abnormalities and childhood 
obesity. In addition, the impacts of exercise volume are also assessed.
Methods  The PubMed, ScienceDirect, Web of Science, and Cochrane Library databases were searched from inception 
to February 15, 2020. We included randomized controlled trials with exercise-only intervention or exercise with other 
confounders in pregnant MNW (body mass index, BMI 18.5–24.9 kg/m2) and MO (BMI ≥ 25 kg/m2), which were further 
subgrouped in the meta-analysis. Primary outcomes included birth weight, preterm birth, small for gestational age (SGA), 
large for gestational age (LGA), infant and childhood weight, and childhood obesity. A linear meta-regression analysis was 
also used to explore the effects of exercise volume on outcomes.
Results  99 studies were included in the meta-analysis (n = 596,876), and individual study quality ranged from fair to good 
according to the Newcastle–Ottawa scale assessment. Exercise only interventions in MNW reduced preterm birth by 15% 
(26 studies, n = 76,132; odds ratio [OR] 0.85; 95% CI 0.72, 1.01; I2 = 83.3%), SGA by 17% (33 studies, n = 92,351; OR 0.83; 
95% CI 0.71, 0.98; I2 = 74.5%) and LGA by 17% (29 studies, n = 84,310; OR 0.83; 95% CI 0.74, 0.95; I2 = 60.4%). Exercise 
only interventions in MO reduced preterm birth by 33% (2 studies, n = 3,050; OR 0.67; 95% CI 0.70, 0.96; I2 = 0%), SGA by 
27% (8 studies, n = 3,909; OR 0.73; 95% CI 0.50, 1.05; I2 = 40.4%) and LGA by 55% (9 studies, n = 81,581; OR 0.45; 95% 
CI 0.18, 1.11; I2 = 98.3%). Exercise only interventions in MNW reduced childhood obesity by 53% (3 studies, n = 6,920; OR 
0.47; 95% CI 0.36, 0.63; I2 = 77.0%). However, no significant effect was observed in outcomes from exercise confounders 
in either MNW or MO. In the meta-regression, the volume of exercise-only intervention in MNW was negatively associated 
with birth weight, greatly driven by volumes more than 810 metabolic equivalents (MET)-min per week. Other outcomes 
were not associated with exercise volume.
Conclusions  This systematic review and meta-analysis suggests that exercise during pregnancy in both MNW and MO 
safely and effectively reduce the risks of preterm birth, SGA, and LGA. Furthermore, MNW exercise also reduces the risk 
of childhood obesity. Overall, regardless of prepregnancy BMI, maternal exercise during pregnancy provides an excellent 
opportunity to mitigate the high prevalence of adverse birth outcomes and childhood obesity.
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Key Points 

Maternal exercise during pregnancy effectively reduces 
the risks of preterm birth, SGA, LGA, and childhood 
obesity.

Exercise volume over 810 metabolic equivalents per min 
per week contributes to lower birth weight but is not 
associated with preterm birth or SGA.

Maternal exercise interventions can be used to reduce 
adverse birth outcomes and childhood obesity across dif-
ferent maternal body mass indices.

1  Introduction

Globally, over 41 million children under age 5 are obese, 
and over 340 million children aged 5–19 years are either 
overweight or obese [1, 2]. The prevalence of child obesity 
has tripled since 1975 and is currently up to 18% [1, 2]. 
Childhood obesity is likely sustained into adolescence and 
adulthood, which predisposes children to the development of 
serious health complications at an early age, including type 2 
diabetes mellitus, hypertension, and cardiovascular diseases 
[3]. The increase in childhood obesity is associated with 
multiple factors, including high energy food intake, a lack 
of physical activity, and imbalanced nutrition [4]. However, 
growing evidence suggests that early intrauterine life also 
plays a critical role in shaping the trajectory of child weight 
gain and fatness [5].

Gestational age and birth weight are critical variables in 
fetal development [6–8]. Abnormal early development pro-
grams long-term child health, including predisposition to 
obesity and type 2 diabetes mellitus. Adverse fetal develop-
ment and birth outcomes, including preterm birth (defined 
as < 37 completed weeks of gestation), small birth weight for 
gestational age (SGA; birth weight < 10th percentile for age 
and sex), and large birth weight for gestational age (LGA; 
birth weight > 90th percentile for age and sex), account for 
11.1, 15.5, and 13% of the world’s live births, respectively, 
and substantially increase the risks of child obesity by 59, 
19, and 100%, respectively [6–8]. While abnormal prena-
tal growth is associated with multiple etiologies, prepreg-
nancy maternal overweight and obesity (MO; body mass 
index BMI ≥ 25 kg/m2) is one of the main drivers of fetal 
growth restriction, preterm birth, and excessive growth [9]. 
Previous meta-analyses have revealed that prepregnancy MO 
increases the risk of preterm birth by 50%, SGA by 70%, and 
LGA by 57%, contributing to a more than twofold increase 

in childhood obesity risk [10–14]. Currently, approximately 
one-third of women of childbearing age are obese in the 
United States, perpetuating “a vicious mother–child obesity 
cycle” [15–17].

During the last few decades, a large volume of studies 
have shown that exercise during pregnancy benefits mater-
nal health and postpartum recovery, and these studies have 
been systematically reviewed in previous meta-analyses 
[18–23]. A 2017 meta-analysis showed that exercise dur-
ing pregnancy can effectively improve psychological well-
being and reduce postpartum depressive symptoms [18]. A 
2018 meta-analysis showed that exercise during pregnancy 
can also reduce the risk of cesarean section by 12% [19]. 
Similar beneficial effects have also been reported in other 
meta-analyses [20, 21, 24]. In addition, the role of exercise 
during pregnancy in controlling gestational weight gain and 
diabetes has also been evaluated in meta-analyses [19, 20, 
22, 23]. Without considering maternal body weight as a sub-
group factor, previous meta-analyses reported that exercise 
reduces gestational weight gain by 1.1 kg [20] and the risk of 
gestational diabetes by 41% [22]. After taking into account 
maternal body weight, exercise during pregnancy reduces 
the risk of gestational diabetes by 42% in normal-weight 
women [19], and the diabetic risk by 24% in overweight 
and obese women [23], showing that body weight during 
pregnancy is a critical factor in altering pathophysiological 
responses to exercise interventions.

In addition to improving maternal health, systematic 
reviews and meta-analyses also reveal that maternal exercise 
may benefit the intrauterine environment, which improves 
fetal development and birth outcomes, though data are lim-
ited and inconsistent [20, 25–28]. Several meta-analyses 
have shown that maternal exercise during pregnancy can 
reduce the risks of LGA [20] and preterm birth [25], and 
has no negative impact on SGA risk [20, 25, 26] or gesta-
tional length [20], showing that exercise during pregnancy 
is safe and beneficial for fetal development. However, other 
meta-analyses showed that maternal exercise is associated 
with SGA [27] and has no effect on reducing LGA risk [26] 
and preterm birth [28], leading to substantial confusion and 
reducing incentives to exercise during pregnancy [29–31]. 
Accordingly, the American College of Obstetricians and 
Gynecologists (ACOG) and the US Department of Health 
and Human Services (DHHS) recommended pregnant 
women without contraindications to perform moderate-
intensity aerobic exercise for at least 20–30 min per day 
or 150 min per week [32, 33]. Despite that, only 9–15% 
of pregnant women meet the current exercise recommenda-
tions, and the number is much less for overweight and obese 
pregnant women [29–31].

There are various reasons for a lack of exercise during 
pregnancy, such as knowledge gaps, lack of time, energy, 
motivation, social support, accessibility of exercise options, 
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and poor physical health [34]. In addition, studies have also 
reported that fear regarding baby health during and after 
exercise is one of the main reasons women are sedentary 
during pregnancy [34]. Although mounting evidence sug-
gests that maternal exercise is safe and beneficial for fetal 
and child health, some inconsistent reports, showing nega-
tive impacts on fetal growth [35, 36], could potentially 
reduce the incentive to exercise during pregnancy. To alle-
viate public concerns and fully uncover the benefits of ges-
tational exercise in child health, it is necessary to perform a 
systematic review and meta-analysis with better considera-
tion of factors affecting exercise outcomes. Because mater-
nal normal weight (MNW) and MO women differ in physio-
logical and metabolic status during pregnancy [37], maternal 
body weight is a critical factor in how fetal development is 
altered due to maternal exercise [20, 25, 26, 38], which was 
not fully considered in previous meta-analyses [20, 25–28], 
potentially contributing to the inconsistent association 
between exercise and outcomes. In addition, maternal exer-
cise is often intermingled with other lifestyle factors, includ-
ing diet, smoking, alcohol drinking, and stress, which were 
also not well considered in previous studies [20, 25–28]. 
Failure to differentiate exercise impacts from confounders 
not only substantially introduces study variations, but also 
prevents revealing the full impacts of maternal exercise 
on child health [20, 25, 26, 38]. Furthermore, altering the 
intrauterine environment and fetal development may exert 
long-term impacts on child growth and health, which were 
not covered in previous meta-analyses [20, 25–28]. Consid-
ering the limitations of previous studies, the objective of 
this systematic review and meta-analysis was to synthesize 
existing evidence of the effects of exercise-only and exercise 
with confounders during pregnancy, in both MNW and MO, 
on child growth trajectory and obesity risks. In addition, the 
impacts of exercise volume (dose) were also assessed.

2 � Methods

2.1 � Search Strategy and Selection Criteria

This systematic review and meta-analysis was conducted and 
reported in accordance with the Preferred Reporting Items 
for Systematic Reviews and Meta-analysis (PRISMA) state-
ment, and the checklist was completed (Electronic Supple-
mentary Material Table S1) [39]. This meta-analysis was 
registered in the International Prospective Register of Sys-
tematic Reviews (PROSPERO) (CRD42020205031). Eli-
gibility criteria followed the PICOS guideline (Population; 
Intervention; Comparison; Outcome; Study design) [33].

2.1.1 � Population

Women who did not receive exercise interventions (con-
trol or usual care arms) versus those who received exer-
cise interventions during pregnancy (> 16 years) were the 
population of interest in this meta-analysis. The included 
pregnant women had uncomplicated singleton pregnancies 
and no health issues (2 weeks before and during pregnancy) 
including (a) type 1 and 2 diabetes mellitus, (b) hypertension 
or heart issues, (c) chronic renal disease, (d) multiple preg-
nancy, (e) Rh sensitization, (f) corticosteroid medication, (g) 
cervical incompetence or cerclage history, (h) antibiotics or 
tocolytics, (i) sickle cell disease, (j) thalassemia, (k) hemo-
globin C, (l) lung diseases, (m) hyperthyroidism, (n) poly-
cystic ovarian syndrome with medication, (o) anemia, (p) 
eating disorder, and (q) psychosis. The included population 
also did not have exercise contraindications during or imme-
diately following exercise, including uterine contraction, 
hypoxia, and other fetal distress, which were defined by the 
American College of Obstetricians and Gynecologists Com-
mittee Opinion and Society of Obstetricians and Gynecolo-
gists of Canada [33, 40]. Included studies included preg-
nant women with prepregnancy normal weight (MNW; BMI 
18.5–24.9 kg/m2) and prepregnancy maternal overweight or 
obesity (MO; BMI ≥ 25 kg/m2). Data from maternal over-
weight (25 ≤ BMI < 30 kg/m2) and obesity (BMI ≥ 30 kg/m2) 
exercisers were analyzed together in the meta-analysis due to 
limited data and no separation in randomized trials.

2.1.2 � Interventions

Exercise interventions included both quantified physical 
activity (skeletal muscle movement with energy expenditure 
above sedentary conditions, such as recreational, household, 
and occupational activity) and exercise (planned, structured, 
and repetitive with the objectives of improving or maintain-
ing physical fitness) [41]. All maternal subjects received 
interventions during the period of pregnancy and before 
labor (e.g., labor contraction or water breaking). Because 
confounders (e.g., dietary nutrition, alcohol drinking, 
tobacco, food borne infections) were often associated with 
maternal exercise, to discern “the main effect of exercise”, 
we performed subgroup analysis if confounders were used, 
including ‘maternal exercise-only interventions’ and ‘mater-
nal exercise + confounders’ in both MNW and MO groups.

2.1.3 � Comparison

Quantified outcomes from maternal exercise and physical 
activity during pregnancy were compared with control group 
outcomes from no or less exercise with various types, fre-
quencies, durations, and enrolled time [e.g., treadmill (type); 
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three times per week (frequency); 60 min per session (dura-
tion); 13 gestational weeks (enrolled time)].

2.1.4 � Outcomes

Maternal exercise outcomes included child obesity indicators 
in early life [neonates (birth) and infants (0 < age < 2 years)] 
and childhood (2–15 years)], including birth weight; preterm 
(< 37 gestational weeks); SGA (birth weight < 10th per-
centile for age and sex, or < 2,500 g, or > 2 standard devia-
tions below the mean); LGA (birth weight > 90th percen-
tile for age and sex, or > 4000g, or > 2 standard deviations 
above the mean); childhood weight and obesity (body mass 
index ≥ 95th percentile for age and sex); the circumference 
of the head, chest and waist; body length; fat mass (arm, 
thigh, abdominal) and fat volume (visceral, subcutaneous, 
and abdominal).

2.1.5 � Study design

All randomized controlled trials were included. Other types 
of studies (e.g., reviews and abstracts) were not included in 
the current meta-analysis.

2.2 � Data Extraction and Quality Assessment

Data search was done by two authors (YT, GL) indepen-
dently through the NCBI PubMed MeSH, Web of Science, 
ScienceDirect, and Cochrane Library database. The search 
was limited to randomized human studies with English lan-
guage restrictions. Keywords were constructed including 
primary items of exercise, pregnancy, BMI, obesity and off-
spring with detailed search keys (Electronic Supplementary 
Material Table S2). Searching was from inception date to 
Feb 15, 2020. Library and author contacts were necessarily 
made for information completeness.

Two authors (YH, QY) independently screened the titles 
and abstracts and then checked the full texts. PICOS guide-
lines were used to extract the necessary information. If deci-
sions regarding study quality were not consistent between 
the reviewers, the article was further sent to the Article 
Decision Committee (MD, MJ) for a final decision. Before 
rapid title screening, duplicates were removed by Distill-
erSR (Evidence Partners, Ottawa, Ontario, Canada). Criteria 
for study inclusion were data completeness and sufficient 
sample size (n ≥ 2). The extracted content included the first 
author, year, title, study design, country, population, selec-
tion criteria, participant number, age, prepregnancy BMI, 
prepregnancy weight, parity, height, tobacco use, alcohol 
use, labor hours, gestational age, physical treatment details 
(e.g., exercise type, frequency, intensity, and duration), pre-
term birth, 1 min Apgar score, cesarean section percent-
age, stillbirth rate, birth weight, LGA, SGA, fat mass, fat 

volume, muscle mass, infant weight, infant obesity, child-
hood weight, child obesity, head and waist circumference, 
and other child obesity related data. When data were not 
fully reported in the articles, the authors contacted librarians 
for data requests. In total, 42 articles were requested from 
librarians; full manuscripts were received for all requests. 
Selection, information and confounding biases were deter-
mined according to the Newcastle–Ottawa Quality Assess-
ment for cohort studies (Electronic Supplementary Material 
Table S3) [42].

The quality of each study and publication bias were 
assessed by two individuals (GL, YT) according to the 
Cochrane Handbook and Newcastle–Ottawa scale method 
[42]. The following criteria were used for quality assess-
ment: (a) research hypothesis related to the impacts of exer-
cise-only interventions or exercise + other interventions in 
MNW and MO during pregnancy on obesity indicators in 
fetuses, neonates, infants, and children; (b) randomized con-
trolled design; (c) blinded subjects assignment; (d) the simi-
larity of the control group; (e) the similarity of the treatment 
group; (f) result standardization; (g) bias risks. Microsoft 
Excel (Excel, Microsoft Corp., Redmond, WA, USA) was 
used for data collection.

2.3 � Statistical Analysis

All analyses were conducted using R v.3.4.3 software [43] 
and the metafor package [44]. Data were pooled using a ran-
dom effects model. Dichotomous variable comparison was 
performed with the effect size (ES) of two group compari-
son—log odds ratio (OR) and transferred back to an OR with 
the ‘transf’ method [45]. The effects of prenatal exercise 
on continuous variables (e.g., child weight) were analyzed 
by the ES of the standardized mean difference (SMD) [44, 
46, 47].

A random model was chosen for meta-analysis according 
to the DerSimonian and Laird method [48]. The Knapp and 
Hartung methods were used to adjust the confidence interval 
[49]. Q test of χ2 and I2 was used to analyze heterogene-
ity [49]. Values of I2 in the range of 0–50%, 50–75%, and 
75–100% indicate low, medium, and high data heterogeneity, 
respectively [50]. Publication bias was assessed by a fun-
nel plot with Egger’s regression [51, 52]. Sensitivity was 
analyzed by the trim-and-fill method, which trimmed pub-
lication bias, added missing values and checked the study 
stability [53]. Subgroup analysis was prioritized as follows: 
(a) normal-weight subjects with normal prepregnancy BMI 
18.5–24.9 kg/m2; and (b) MO subjects with prepregnancy 
BMI ≥ 25 kg/m2. In meta-regression, logOR and SMD varia-
bles were analyzed by the random model [54]. Linear regres-
sion of the explanatory variables was conducted to examine 
the existence of the dose–response relationship between 
maternal exercise volumes and child obesity outcomes [55, 
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56]. The exercise volume was quantified using metabolic 
equivalent (MET)-min per week, which is the product of 
exercise intensity and the minutes of exercise per week [57]. 
A permutation test was used to analyze the robustness of 
the meta-regression model [58]. Only studies with complete 
data (mean, replicates, standard deviation or standard error 
of both control and treatment groups) were included in the 
meta-analysis.

3 � Results

3.1 � Search Results and Study Characteristics

Initial searching with no language restriction yielded a total 
of 37,418 records (Fig. 1). After screening for English lan-
guage, title, abstract, and removing duplicates, 315 eligible 
full texts remained. After excluding reviews and original 
studies lacking interventions, outcomes, and replicates 
(Electronic Supplementary Material Table S4), 99 studies 
were eligible for this meta-analysis, representing 250,028 
pregnancies (births) associated with exercise interventions 
during pregnancy and 346,848 control pregnancies (births) 
not associated with exercise interventions (Electronic Sup-
plementary Material Table S5) [35, 36, 59–155].

All studies included in the analysis had a randomized 
controlled design, and were conducted in Asia, Australia, 

America, Europe, Ireland, Netherlands, New Zealand or 
West Africa (Electronic Supplementary Material Table S5) 
[35, 36, 59–155]. Studies included varied exercise types, 
including leisure activity (walking, standing, and household) 
and training (yoga, bicycling, treadmill exercise, running, 
jogging, and other ACOG-recommended exercise) [156]. 
Exercise duration also varied, with a range from 8 weeks 
to full pregnancy, and exercise volume ranged from 80 to 
6000 MET-min per week. Various exercise outcomes were 
described in different studies, with birth weight as the most 
commonly reported (81 studies). Because of considerable 
clinical variations and heterogeneity within and between 
studies, we used the Newcastle–Ottawa scale to assess study 
quality [42], a funnel plot-Egger’s test to assess publica-
tion bias [52], and a trim-and-fill analysis to assess result 
sensitivity [53].

3.2 � Study Quality, Bias, and Result Sensitivity

All studies included in this meta-analysis were of fair to 
good quality as indicated by ≥ 5 scores on the Newcas-
tle–Ottawa scale tests (Electronic Supplementary Mate-
rial Table  S6) [35, 36, 59–155]. Funnel plot analysis 
further assessed the risk of publication bias if data were 
available, including exercise-only interventions in MNW, 
exercise + confounders in MNW, exercise-only interven-
tion in MO, and exercise + confounders in MO (Electronic 

Fig. 1   PRISMA flow diagram 
of studies selected for present 
meta-analysis
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Supplementary Material Fig S1) [52]. Primary outcomes 
included birth weight, the OR of preterm birth, the OR of 
SGA, the OR of LGA, infant and child body weight, and 
the OR of child obesity. Egger’s test did not find significant 
publication bias and asymmetry (P > 0.05) in funnel plots, 
indicating a low publication bias and high quality of the 
included studies (Electronic Supplementary Material Fig S1) 
[35, 36, 59–155]. To assess result sensitivity, after exclud-
ing asymmetric outlying studies in the funnel plot using the 
trim-and-fill method, the results were also highly consistent 
with the meta-results (Electronic Supplementary Material 
Table S7), demonstrating the high repeatability and sensitiv-
ity of the meta-results.

3.3 � Birth Weight

Eighty-one studies (n = 246,340 births) showed no overall 
effect (including both MNW and MO; SMD, 0.01; 95% 
CI − 0.10, 0.12; I2 = 98.3%; P = 0.25) of exercise in preg-
nancy on birth weight (Electronic Supplementary Mate-
rial Fig S2) [35, 36, 59–75, 78, 81, 82, 84, 87–94, 96–99, 
101–104, 108–111, 116–118, 120–134, 136–143, 145–147, 
149, 151–153]. In subgroups, exercise-only interventions 
in MNW (n = 235,725 births; Fig. 2 and Electronic Sup-
plementary Material Fig S2) tended to reduce birth weight 
(SMD, − 0.09; 95% CI − 0.19, 0.01; I2 = 98.7%; P = 0.08;) 
[35, 36, 59–75, 78, 81, 82, 84, 87–89, 91, 92, 94, 96, 97, 
99, 101, 103, 104, 108–110, 116, 118, 120–122, 125, 126, 
128, 131–133, 136–138, 140, 141, 143, 146, 151, 152], 
which was also observed in exercise-only interventions in 
MO (n = 4389 births; SMD, − 0.15; 95% CI − 0.33, 0.02; 
I2 = 81.7%; P = 0.08) [90, 93, 98, 117, 123, 124, 127, 130, 
139, 153]. However, exercise + confounders in MNW tended 
to increase the birth weight (n = 5,461 births; SMD, 0.19; 
95% CI − 0.01, 0.39; I2 = 88.3%; P = 0.07; Fig. 2 and Elec-
tronic Supplementary Material Fig S2) [102, 111, 125, 129, 
142, 145, 147, 149]. No significance was observed in exer-
cise + confounders in MO (n = 765 births; SMD, 0.06; 95% 
CI − 0.10, 0.21; I2 = 0.0%; P = 0.47; Fig. 2 and Electronic 
Supplementary Material Fig S2) [90, 111, 134, 153].

3.4 � Preterm Birth

Preterm birth and fetal growth restriction contributed to the 
reduced birth weight, which increased the risks of later life 
obesity and other metabolic dysfunctions [157]. Thirty-two 
studies (overall) reported an OR of preterm birth in pregnan-
cies with exercise interventions (n = 81,897 births), showing 
a reduced overall risk of preterm birth by 18% (OR 0.82; 
95% CI 0.70, 0.96; I2 = 80.7%; P = 0.01; Fig. 3) [65, 66, 
76, 81, 84, 86, 88, 96, 102–106, 108, 111, 114, 115, 118, 
121, 130, 140–142, 146–149, 152]. In subgroup analyses, 
a decrease in preterm birth risk was also observed in exer-
cise-only interventions in both MNW (n = 76,132 births; 
OR 0.85; 95% CI 0.72, 1.01; I2 = 83.3%; P = 0.06; Figs. 2 
and 3) and MO (n = 3,050 births; OR 0.67; 95% CI 0.49, 
0.93; P = 0.01; Figs. 2 and 3) [65, 66, 76, 81, 84, 86, 88, 96, 
103–106, 108, 114, 115, 118, 121, 130, 140, 141, 146–148, 
152], showing the benefits of exercise-only interventions in 
reducing the risk of preterm birth. However, exercise + con-
founders in MNW did not affect preterm birth risk (n = 2715 
births; OR 0.62; 95% CI 0.35, 1.10; I2 = 15.8%; P = 0.10; 
Figs. 2 and 3) [102, 111, 142, 149]. No eligible studies 
reported the OR of preterm birth in the exercise + confound-
ers in MO subgroup.

3.5 � SGA

Fifty-three studies (overall) included an OR of SGA follow-
ing maternal exercise intervention in pregnancy (n = 100,588 
births), showing a reduced risk of SGA by 18% (OR 0.82; 
95% CI 0.72, 0.93; I2 = 65.7%; P = 0.003; Fig. 4) [35, 65, 
76–80, 87, 90, 91, 93, 97, 102, 105, 114–116, 119, 121–123, 
126, 129–132, 134, 136, 138, 139, 141, 142, 145, 146, 148, 
149, 153]. A notable decrease in SGA risk was also observed 
in exercise-only interventions in both MNW (n = 92,351 
births; OR 0.83, 95% CI 0.71, 0.98; I2 = 74.5%; P = 0.02; 
Figs. 2 and 4) and MO (n = 3,909 births; OR 0.73, 95% 
CI 0.50, 1.05; I2 = 40.4%; P = 0.09; Figs. 2 and 4) [35, 65, 
76–80, 87, 91, 93, 97, 105, 114–116, 119, 121–123, 126, 
130–132, 136, 138, 139, 141, 146, 148, 153], showing that 
exercise-only interventions in pregnancy effectively reduced 
the risk of low birth weight. For maternal exercise with con-
founders, the OR of SGA was not significantly affected in 
either MNW (n = 3565 births; OR 0.98; 95% CI 0.76, 1.27; 
I2 = 0.0%; P = 0.89; Figs. 2 and 4) or MO exercise (n = 763 
births; OR 0.70; 95% CI 0.36, 1.38; I2 = 0.0%; P = 0.31; 
Figs. 2 and 4) [90, 102, 129, 134, 142, 145, 149, 153].

3.6 � LGA

Forty-four studies (overall) reported an OR of LGA fol-
lowing maternal exercise interventions during pregnancy 

Fig. 2   Summary of forest plot displaying efficacies of exercise-
only interventions and exercise + confounders during pregnancy in 
mothers with maternal normal weight (MNW; prepregnancy BMI 
18.5–24.9 kg/m2) or maternal overweight and obesity (MO; prepreg-
nancy BMI ≥ 25 kg/m2) in altering birth weight (standard mean dif-
ference, SMD), odds ratio (OR) of preterm birth (< 37 gestational 
week), OR of small for gestational age (SGA; birth weight < 10th 
percentile, or < 2500  g, or > 2 standard deviation below the mean), 
OR of large for gestational age (LGA; birth weight > 90th percentile, 
or > 4000 g, or > 2 standard deviation above the mean), infant (SMD; 
age ≤ 2 years) and childhood weight (SMD; age 2–15 years), and OR 
of childhood obesity (BMI ≥ 95th percentile; age 2–15 years). Error 
bars indicate 95% confidence interval

◂
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(n = 171,893 births), showing a 28% decrease in LGA 
(OR 0.72; 95% CI 0.55, 0.95; I2 = 95.8%; P = 0.02; Fig. 5) 
[83–85, 87, 88, 90, 91, 93, 97, 98, 101–103, 105, 108, 111, 
112, 115–117, 120–122, 124–127, 129–132, 134, 137, 138, 
140, 142, 145, 146, 148, 149, 153]. In subgroup analyses, 

exercise-only interventions in MNW also reduced the risk 
of LGA by 17% (n = 84,310 births; OR 0.83; 95% CI 0.74, 
0.95; I2 = 60.4%; P = 0.005; Figs. 2 and 5) [84, 85, 87, 88, 
91, 97, 98, 101, 103, 105, 108, 112, 116, 120–122, 125, 
126, 131, 132, 137, 138, 140, 146, 148], and exercise-only 

Fig. 3   Forest plot displaying effects of exercise-only interventions 
and exercise + confounders of pregnant women with prepregnancy 
normal weight (MNW; BMI 18.5–24.9  kg/m2) and overweight and 

obesity (MO; BMI ≥ 25 kg/m2) on odds ratio (OR) of preterm birth. 
Error bars indicate 95% CI. MET means metabolic equivalent
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interventions in MO reduced the risk of LGA by 55% 
(n = 81,581 births; OR 0.45; 95% CI 0.18, 1.11; I2 = 98.3%; 
P = 0.08; Figs. 2 and 5) [83, 90, 93, 115, 117, 124, 127, 130, 

153], showing a substantial decrease in risk of large birth 
weight. For exercise with confounders, the OR of LGA was 
not affected in either MNW (n = 5080 births; OR 0.99; 95% 

Fig. 4   Forest plot displaying effects of exercise-only interventions 
and exercise + confounders of pregnant women with prepregnancy 
normal weight (MNW; BMI 18.5–24.9  kg/m2) and overweight and 

obesity (MO; BMI ≥ 25 kg/m2) on odds ratio (OR) of small for gesta-
tional age (SGA). Error bars indicate 95% CI. MET means metabolic 
equivalent
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CI 0.78, 1.25; I2 = 0.0%; P = 0.93; Figs. 2 and 5) or MO exer-
cise (n = 922 births; OR 1.43; 95% CI 0.92, 2.24; I2 = 0.0%; 
P = 0.11; Figs. 2 and 5) [90, 102, 111, 125, 129, 134, 142, 
145, 149, 153].

3.7 � Childhood Weight and Obesity Risk

Seven studies (overall) reported infant and child body 
weight following maternal exercise interventions during 

Fig. 5   Forest plot displaying effects of exercise-only interventions 
and exercise + confounders of pregnant women with prepregnancy 
normal weight (MNW; BMI 18.5–24.9  kg/m2) and overweight and 

obesity (MO; BMI ≥ 25 kg/m2) on odds ratio (OR) of large for gesta-
tional age. Error bars indicate 95% CI. MET means metabolic equiva-
lent
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pregnancy (n = 43,040) and showed no significant change 
in body weight (SMD, − 0.05; 95% CI − 0.23, 0.14; 
I2 = 90.5%; P = 0.63) [89, 94, 100, 107, 111, 150, 154]. In 
subgroup analysis, three studies reported infant body weight 
(age < 2 years, n = 224 infants; Fig. 2 and Electronic Sup-
plementary Material Fig S3) [89, 107, 150], and two studies 
reported child body weight (2–15 years; n = 42,602 children) 
following exercise-only interventions in MNW [94, 100]. 
No significant effect was observed in either infant (SMD, 
− 0.16; 95% CI − 0.62, 0.29; I2 = 57.6%; P = 0.48) or child 
body weight (SMD, 0.01; 95% CI − 0.16, 0.18; I2 = 88.9%; 
P = 0.88) following exercise-only interventions in MNW 
(Fig. 2 and Electronic Supplementary Material Fig S3). Only 
one study reported infant [111] or child body weight [114] 
from exercise + confounders in MNW, which was insuffi-
cient for subgroup analysis. Furthermore, no eligible studies 
reported infant and child body weight from exercise-only 
intervention or exercise + confounders in MO.

Two studies (overall) reported an OR of childhood obesity 
(2–15 years) following maternal exercise during pregnancy 
(n = 27,410 children; Fig. 2 and Electronic Supplementary 
Material Fig S4) [111, 135], and showed significant decrease 
in child obesity risk by 35% (OR 0.65; 95% CI 0.45, 0.94; 
I2 = 80%; P = 0.02; Fig. 2 and Electronic Supplementary 
Material Fig S4), disclosing a long-term effect of maternal 
exercise in reducing the risk of child obesity. Furthermore, 
exercise-only interventions in MNW also reduced childhood 
obesity risk by 53% (n = 6920 children; OR 0.47; 95% CI 
0.36, 0.63; I2 = 77%; P < 0.001) [111]. Insufficient studies 
were available for assessing the OR of childhood obesity 
from exercise-only interventions or exercise + confounders 
in MO.

3.8 � Meta‑regression of Exercise Volume 
on Outcomes and Sensitivity Analysis

We also conducted meta-regression to investigate the dose 
(volume) effects of exercise on fetal growth and childhood 
obesity outcomes (Table 1). Birth weight was negatively and 
dose-dependently associated with the volume of exercise-
only interventions in MNW (P = 0.01; n = 235,725 births; 
Table 1) [35, 36, 59–75, 78, 81, 82, 84, 87–89, 91, 92, 94, 
96, 97, 99, 101, 103, 104, 108–110, 116, 118, 120–122, 125, 
126, 128, 131–133, 136–138, 140, 141, 143, 146, 151, 152]. 
The reduced birth weight was particularly driven by exercise 
volume over 810 MET-min per week (Electronic Supple-
mentary Material Fig S5). The volume of exercise + con-
founders in MNW was positively and linearly associated 
with birth weight (P = 0.01; n = 5461 births; Table 1), rang-
ing from 180 to 945 MET-min per week (Electronic Sup-
plementary Material Fig S5) [102, 111, 125, 129, 142, 145, 
147, 149]. Except for the birth weight, no significant exer-
cise dose effect was observed for other outcomes (Table 1). 

To test the meta-regression sensitivity, we conducted a per-
mutation test [58] and the results observed were consistent 
with the meta-regression, showing a high sensitivity of the 
meta-regression results (Table 1).

4 � Discussion

4.1 � Summary of Evidence

The prevalence of child obesity has dramatically increased 
in recent decades, becoming a serious public health con-
cern [158]. The “developmental origins of health and dis-
ease” suggest that the intrauterine environment programs 
fetal organ/tissue development, projecting a trajectory of 
metabolic diseases in the later life of offspring [159–161]. 
Previous systematic reviews have summarized that exer-
cise during pregnancy benefits maternal health, including 
reduced occurrence of gestational and postpartum weight 
gain, gestational diabetes, hypertension, pre-eclampsia, 
depression, and anxiety [18, 19, 22, 162]. Exercise in women 
with normal pregnancies or with gestational diabetes also 
has no adverse effect on fetal heart rate, hyperthermia, neo-
natal morbidity or mortality [163, 164]. Notably, a recent 
meta-analysis showed that maternal exercise during preg-
nancy reduces the risk of macrosomia [165], which may 
exert preventive effects against childhood obesity [166, 167], 
but the programming impacts of exercise in MNW and MO 
during pregnancy on fetal growth and childhood obesity 
are largely unknown. The current meta-analysis of 99 ran-
domized controlled trials, including exercise interventions 
in MNW and MO (250,028) and controls (346,848) during 
pregnancy, showed that maternal exercise-only interventions 
reduced the risks of adverse fetal growth and birth outcomes, 
including the OR of preterm birth, SGA, and LGA (Fig. 2). 
In addition, exercise interventions in MNW substantially 
reduced risk of childhood obesity. The beneficial outcomes 
were more evident in maternal exercise-only interventions 
relative to exercise with confounders. In meta-regression, 
exercise-only volume in MNW dose-dependently reduced 
birth weight, particularly for exercise volumes greater than 
810 MET-min per week (ACOG and DHHS recommenda-
tion: 500 MET-min per week equals approximately 150 min/
week moderate aerobic exercise) [32, 33], but no significant 
dose effect was observed in other maternal exercise-only 
outcomes. Overall, this analysis suggests that exercise in 
pregnant women improves fetal growth, effectively reducing 
susceptibility to childhood obesity.

SGA is a leading cause of neonatal mortality and mor-
bidity that primarily results from preterm birth and fetal 
growth restriction [157]. SGA babies have a greater risk for 
complications from immature fetal development, including 
in the brain, pancreas, skeletal muscle, and adipose tissue, 
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contributing to an increased risk of childhood obesity and 
type 2 diabetes [168]. Exercise during pregnancy signifi-
cantly increases oxygen and nutrient consumption in mater-
nal skeletal muscle, which potentially reduces their avail-
ability to growing fetuses during and shortly after exercise 
[169, 170]. In addition, exercise may stimulate the release of 
oxytocin and uterine contraction [171], which may increase 
the risks of preterm birth [36, 63, 89] and fetal growth 
restriction [36, 65, 66]. Although these negative impacts are 
not assured, they discourage participation in active physical 
activity during pregnancy, especially in the last trimester 
[34]. By synthesizing a large body of available data, our 
meta-analysis showed that exercise-only interventions in 
both MNW and MO have a tendency to reduce birth weight, 
but the decrease in birth weight is not associated with an 
increased risk of preterm birth and SGA; indeed, maternal 
exercise-only interventions significantly reduced the risks 
of preterm birth (MNW, 15% decrease; MO, 33% decrease) 
and SGA (MNW, 17% decrease; MO, 27% decrease), reveal-
ing that maternal exercise has no adverse effects but rather 
improves birth outcomes by reducing the risks of preterm 
birth and restricted fetal growth. Notably, the exercise 
volume from exercise-only interventions in MNW dose-
dependently reduced birth weight, and the association was 
dominantly driven by exercise volumes over 810 MET-min 
per week. Because this dose is much greater than the 500 
MET-min per week recommended by ACOG and DHHS 
[32, 33], moderate aerobic exercise in pregnancy is safe and 
has a minimal impact on fetal growth. An impairment of pla-
cental vascular branching and nutrient perfusion is mainly 
responsible for the fetal growth restriction observed in obese 
pregnant women [172]. Recent studies have showed that 
maternal exercise promotes placental angiogenesis, branch-
ing, and blood flow in healthy and obese pregnant mice 
[173], which enhances placental nutrient exchange, likely 
contributing to the reduced risks of fetal growth restriction 
in exercise interventions in both MNW and MO.

Gestation is coupled with an increased maternal insu-
lin resistance, which favors glucose partitioning to growing 
fetuses [174]. However, aggravated insulin resistance causes 
excessive movements of glucose and nutrients across the 
placenta, leading to fetal overgrowth and resulting in LGA 
or macrosomia. In addition to the risks of shoulder dysto-
cia, brachial plexus trauma, and hypoglycemia in delivery, 
macrosomic babies likely have excessive body fat deposition 
[175] and accelerated pancreatic β-cell maturation [176], 
contributing to childhood obesity and type 2 diabetes [7]. 
MO and gestational diabetes increase the risk of macrosomia 
[7, 11]. Exercise counteracts hyperglycemia and hyperlipi-
demia by increasing insulin sensitivity and glucose and lipid 
consumption in skeletal muscle, reducing the risk of fetal 
overgrowth and associated childhood obesity [166, 173]. 
Consistently, a recent meta-analysis showed that exercise 

in women with gestational diabetes can reduce the risk of 
babies born LGA and neonatal adiposity [177]. In this meta-
analysis, exercise-only interventions in both MNW and MO 
reduced the risk of LGA (> 90th percentile) by 17% and 
55%, respectively, clearly showing that maternal exercise 
during pregnancy effectively reduces the risk of fetal exces-
sive growth regardless of prepregnancy BMI.

Childhood obesity is prevalent worldwide, and its pre-
vention has become a public health priority [1, 2]. Though 
genetic variance and living environment play substantial 
roles in the development of childhood obesity, evidence 
in recent decades also shows that childhood obesity can 
be traced back to intrauterine life, which is affected by 
maternal lifestyle, including overweight and obesity, alco-
hol consumption and smoking [159, 160]. Our systematic 
review and meta-analysis showed that maternal exercise-
only interventions during pregnancy reduce the risks of fetal 
premature birth and excessive growth, which are important 
indicators of later life obesity [10–14]. Consistently, exer-
cise-only interventions in MNW significantly reduced the 
risk of childhood obesity by 53%, exerting a persistent anti-
obesity effect. However, due to limited data in the current 
literature, we cannot evaluate the impacts of exercise inter-
ventions in MO on the OR of childhood obesity, and call 
for more studies in this area. Supportively, recent studies 
in mice show that MO exercise reduced macrosomia, and 
exerted anti-obesity effects in childhood and adults [166, 
173]. In this meta-analysis, although maternal exercise 
alone showed significant benefits on fetal and child healthy 
growth, these effects were not observed in maternal exercise 
with confounders. The number of published studies involved 
in exercise with confounders was much lower than that for 
exercise-only interventions, which potentially reduced the 
robustness of the analyses measuring interactive effects 
between exercise and other confounders. Furthermore, 
confounders were involved in multiple lifestyle alterations, 
including alcohol drinking, diet, stress, and smoking [102, 
111, 125, 129, 142, 145, 147, 149], which increased study 
variations and confounding of treatment effects. Nonethe-
less, developing healthy lifestyles in pregnant women, such 
as consuming high-quality food and limiting stress, smok-
ing and alcohol drinking, has been demonstrated to robustly 
improve fetal growth and child health [161, 178, 179]; more 
studies are required to better understand the interactive and 
optimal effects of maternal exercise along with those con-
founders on fetal development and childhood obesity.

4.2 � Strengths and Limitations

To our knowledge, there is no meta-analysis covering the 
effects of exercise interventions (exercise-only intervention, 
exercise + confounders) in MNW and MO during pregnancy 
on prenatal growth and childhood obesity. This systematic 
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review and meta-analysis synthesized data from available 
randomized trials, which significantly increases the power 
of the conclusion. Publication bias risk was also assessed 
by funnel plots, and sensitivity was assessed by the trim-
and-fill method. In this meta-analysis, sensitivity analysis 
was conducted along with meta-regression, showing the high 
repeatability of the data. In relation to dose effects, the meta-
regression also revealed that high doses of maternal exer-
cise during pregnancy were associated with reduced birth 
weight but were not related to the OR of preterm birth and 
SGA. The permutation test also showed the high sensitiv-
ity of meta-regression. A limitation of the current system-
atic review and meta-analysis is the existence of exercise 
intervention heterogeneity (varied type, intensity, duration, 
participating age and trimester stage), which may confound 
data interpretation. In addition, data on the programming 
impacts of exercise in MO during pregnancy on childhood 
weight and obesity risk are scarce, limiting the quality of 
assessment. Other confounding factors, such as maternal and 
child lifestyle behaviors (dietary nutrition, smoking, alcohol 
drinking, and socioeconomic status), may also increase data 
variations.

4.3 � Future Directions

Due to limited data assessing the long-term impacts of exer-
cise in MNW and MO on child growth and health, more 
follow-up studies are urgently required. In addition, meta-
bolic, genetic, and epigenetic data of fetal and postnatal off-
spring affected by maternal exercise during pregnancy are 
also very limited in the current literature; thus, fundamental 
studies are needed to deepen our understanding of the ben-
eficial impacts of maternal exercise on child health. Greater 
mechanistic understanding could lead to pharmaceutical 
intervention targets to mimic exercise, which could benefit 
the fetal growth and child health of pregnant women with 
exercise contraindications.

5 � Conclusions

Overall, our findings revealed that maternal exercise-only 
intervention during pregnancy effectively reduced the risks 
of abnormal fetal growth and childhood obesity, including 
the risk of preterm birth (18% overall decrease), SGA (18% 
overall decrease), LGA (28% overall decrease), and child-
hood obesity (53% decrease from exercise-only interventions 
in MNW). Birth weight, infant, and childhood weight were 
not altered by exercise in either MNW or MO. Increased 
exercise volume in MNW was associated with reduced 
birth weight, particularly with exercise volume over 810 
MET-min per week, but was not associated with the risk of 

preterm birth and SGA. Overall, maternal exercise during 
pregnancy, regardless of prepregnancy BMI, is a safe and 
beneficial nonpharmaceutical intervention for reducing the 
risk of adverse fetal growth and childhood obesity, provid-
ing an opportunity to prevent prevalent type 2 diabetes and 
cardiovascular diseases later in life.
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