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What are the novel findings of this work?

Women who are overweight or obese before pregnancy
have a higher risk of congenital heart defect in their
offspring. This risk rises in tandem with increasing
maternal body mass index and is independent of the
mother’s diabetic status before or during pregnancy.

What are the clinical implications of this work?
Advocating preconception weight management is key to
reducing congenital heart defects in offspring. Women
with higher body mass index should receive routine fetal
echocardiography during pregnancy.

ABSTRACT

Objective To assess the association between increased
maternal prepregnancy body mass index (BMI) and the
risk of congenital heart defect (CHD) in offspring.

Methods This systematic review and meta-analysis
searched PubMed/MEDLINE, Web of Science and Sco-
pus from inception to 20 April 2023. Risk estimates were
abstracted or calculated for increased BMI categories
(overweight, obesity, moderate obesity and severe obesity)
compared with normal weight (reference). Fixed-effects or
random-effects models were used to combine individual
study risk estimates based on the degree of heterogene-
ity. Sensitivity analyses were conducted to weight pooled
estimates for relevant moderators, particularly diabetes

before and during pregnancy. Subgroup analyses for spe-
cific CHD subtypes were conducted if there were at
least two studies with available data. Findings were pre-
sented for groups of defects, categorized using severity
and topographic—functional criteria, and for individual
defects. The certainty of the evidence for each effect
estimate was evaluated according to Grading of Recom-
mendations, Assessment, Development and Evaluation
(GRADE) guidelines.

Results Overall, 31 studies comprising 4 861 693 patients
and 86 136 CHD cases were included. The risk of CHD
increased progressively from moderate to severe obesity
(pooled odds ratio (OR), 1.15 (95% CI, 1.11-1.20)
and 1.39 (95% CI, 1.27-1.53), respectively). Sensitivity
analysis indicated that this effect persisted independently
of maternal diabetes status before or during pregnancy. In
the subgroup analysis, obesity was associated with up to
a 1.5-fold increase in the risk of severe CHD (pooled OR,
1.48 (95% CI, 1.03-2.13)). Severe obesity was associated
with an even higher risk, with 1.8-times higher odds
compared with the reference group for specific CHD
subtypes, including tetralogy of Fallot (pooled OR, 1.72
(95% CI, 1.38-2.16)), pulmonary valve stenosis (pooled
OR, 1.79 (95% CI, 1.39-2.30)) and atrial septal defect
(pooled OR, 1.71 (95% CI, 1.48-1.97)).

Conclusions Maternal weight is a crucial modifiable risk
factor for CHD, particularly for severe forms of defect.
Further research is needed to investigate whether weight
management before pregnancy might serve as a preventive
measure against CHD. In pregnant women with obesity,
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Maternal weight and congenital heart defect

fetal echocardiography should be a routine diagnostic
procedure. © 2024 The Authors. Ultrasound in Obstetrics
& Gynecology published by Jobn Wiley & Sons Ltd on
behalf of International Society of Ultrasound in Obstetrics
and Gynecology.

INTRODUCTION

In recent decades, the proportion of women of repro-
ductive age who are overweight or obese has increased
significantly!. According to the World Health Organi-
zation (WHO), a body mass index (BMI) over 25 kg/m?
is considered overweight, while 30 kg/m? or higher is
considered obese?. In Europe, the prevalence of obesity
before pregnancy ranges from 7.8% to 25.6%3, and
in the USA, it is nearly 3 in 10 women®*. Pregnancy
in women who carry excess weight has been linked
to adverse outcomes for both the mother and the
newborn®~1!. Furthermore, women with obesity face
an increased likelihood of delivering an infant with
congenital anomaly'?, such as neural tube defect!3,
orofacial cleft'* and cardiovascular anomaly!5-1.

Congenital heart defects (CHD) are the most prevalent
congenital malformation among neonates, affecting up
to 1% of all live births worldwide!”>!8. CHD has been
identified as a significant cause of neonatal morbidity and
mortality globally, thereby posing a major public health
challenge!®. The interpretation of previous meta-analyses
investigating the association between maternal weight
and CHD has been hindered by overlapping maternal
conditions, such as diabetes, which act as residual con-
founders or mediators. Consequently, although detailed
fetal anatomical ultrasound scans are recommended for
women with obesity, fetal echocardiography is typically
reserved for cases with a high suspicion of cardiac
abnormality??. This practice is reflected in the guidelines
of the American Society of Echocardiography and the
International Society of Ultrasound in Obstetrics and
Gynecology, which currently do not classify obesity as
a maternal factor associated directly with CHD??2,
However, timely detection of CHD through fetal echocar-
diography and early referral to a specialized center that
is experienced in fetal and pediatric cardiovascular care
are critical steps in improving neonatal outcome.

The primary objective of this meta-analysis was to
quantify the risk of CHD in the offspring of women
with varying degrees of increased prepregnancy BMI.
We considered relevant confounding factors, particularly
gestational diabetes mellitus (GDM) and pregestational
diabetes mellitus (PDM)?3. Furthermore, we aimed to pro-
vide specific risk estimates for the most common subtypes
of CHD, according to the severity of maternal obesity.

METHODS
Study design

This systematic review and meta-analysis was performed
in accordance with the Preferred Reporting Item for
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Systematic Reviews and Meta-analysis (PRISMA) and the
Meta-analysis Of Observational Studies in Epidemiology
(MOOSE) guidelines***3. The study protocol was regis-
tered prospectively in the publicly accessible PROSPERO
database (CRD42023405393).

Search strategy and eligibility criteria

A systematic search of English language articles pub-
lished in peer-reviewed journals was conducted on
PubMed/MEDLINE, Web of Science and Scopus from
inception to 20 April 2023. The search strategy is pro-
vided in detail in Appendix S1. Reference lists of relevant
publications were also screened. Duplicate records were
removed using EndNote software (Clarivate Analytics,
Philadelphia, PA, USA). Two independent reviewers
(A.S., M.P.) screened titles and abstracts, followed by a
full-text review of manuscripts. Any disagreements were
resolved by a third reviewer (N.S.).

To be eligible for inclusion, studies were required
to meet the following criteria: (1) available data on
prepregnancy or early-pregnancy BMI in the standard
format of kg/m?; (2) incidence of CHD is reported as
the primary outcome; (3) incidence of CHD is discernible
from that of other non-cardiac fetal malformations; and
(4) absence of known chromosomal or genetic anomalies.
Studies included in the quantitative synthesis also met the
following criteria: (1) reporting of risk estimates (odds
ratios (ORs) or risk ratios) with corresponding 95% ClI,
or provision of sufficient raw data to calculate the specific
measure of risk according to BMI categories; and (2)
inclusion of a reference category of normal bodyweight.

The exclusion criteria were as follows: (1) inclusion of
multiple pregnancy; (2) overlapping study periods from
the same research groups (only the largest was included);
(3) studies published in languages other than English;
and (4) descriptive studies or those that do not present
original findings.

Data extraction

Two independent reviewers (A.S., M.P.) extracted the
following data: study identifiers (first author, publication
year), study period, study design and setting, exposure
definition and categorization, outcome definition and
classification (diagnostic methods and subtypes of
CHD) and potential moderators. Maternal BMI was
classified into categories based on WHO guidelines?:
18.5-24.9kg/m? (reference group), 25.0-30.0kg/m?>
(overweight) and > 30.0kg/m?> (obese). Moderate and
severe obesity were defined as a BMI of 30.1-34.9 kg/m?
and > 35.0kg/m?, respectively. In studies reporting risk
estimates for BMI categories not conforming to the WHO
guidelines, effect estimates were grouped with the nearest
conventional BMI category, as per a prior publication®®.
These studies were omitted from sensitivity analyses to
control for potential exposure misclassification bias.

The risk of bias within and across studies was
evaluated independently by two authors (A.S., M.P.)
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using the Risk of Bias In Non-randomized Studies of
Exposures (ROBINS-E) tool, in accordance with the
updated Cochrane collaboration guidelines?”-28.

Data synthesis

Original outcome data were extracted by an independent
reviewer (N.S.). Risk estimates were calculated and
pooled according to predefined BMI categories. The
pooled estimates were obtained using a random-effects
model with restricted maximum likelihood estimation
method, which accounted for between-study variability.
In cases in which study homogeneity was reasonable, a
fixed-effects model using the Mantel-Haenszel method
was preferred. Heterogeneity was assessed using the
I? index?®, which was interpreted as follows: 0-25%,
insignificant; 26-50%, low; 51-75%, moderate; > 75%,
high3?. To examine the potential influence of publication
bias and small-study effects, funnel plots were obtained
by plotting the logarithm of study-specific effect sizes
against their corresponding standard errors. Funnel plot
asymmetry was assessed using the linear regression-based
method described by Egger etal.3! and the adjusted rank
correlation test proposed by Begg and Mazumdar3?.

To assess the robustness of the overall findings and
to evaluate the impact of study-level covariates on
the pooled estimates, the following sensitivity analyses
planned a priori were conducted: (1) exclusion of cases
with PDM and/or GDM; (2) assessment of the effect of
study location; (3) evaluation of the effect of study design;
(4) evaluation of the impact of the publication year
(<2013 or >2013), taking into account advancements
over the past decade in the detection of CHD and poten-
tial confounders, with the selection of the cut-off year
based on the WHO criteria for GDM established in 2013;
and (5) exclusion of studies reporting risk estimates for
BMI categories not conforming to the WHO guidelines.
Subgroup analyses were undertaken when a minimum of
two studies supplied data regarding the risk of specific
subtypes of CHD based on maternal BMI. Risk estimates
for individual CHD subtypes were presented both as
groups of defects, categorized using a severity criterion33
and a topographic—functional criterion3¥, as well as
individual defects when sufficient data were available.
Pooled risk estimates were provided for the following:
severe CHD, according to Dolk etal.33; conotruncal
defects (CTD), encompassing tetralogy of Fallot (TOF)
and transposition of the great arteries (TGA); septal
defects (SD), including ventricular septal defects (VSD),
atrial septal defects (ASD) and atrioventricular septal
defects (AVSD); left ventricular outflow tract obstruction
(LVOTO), consisting of hypoplastic left heart syndrome
(HLHS), aortic valve stenosis (AS) and coarctation of the
aorta (CoA); right ventricular outflow tract obstruction
(RVOTO), including pulmonary valve stenosis (PVS); and
other defects, including single ventricle and anomalous
pulmonary venous return. The certainty of the evidence
for each effect estimate was evaluated according to the
Grading of Recommendations, Assessment, Development
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and Evaluation (GRADE) guidelines®>. STATA version
17 software (Stata Corp., College Station, TX, USA) was
used for statistical analysis.

RESULTS
Study characteristics

After removal of duplicates, the literature search identified
3289 results, of which 31 publications were eligible
for qualitative synthesis>®~%¢. The selection process and
reasons for exclusion are illustrated in Figure 1. The 31
studies included in the systematic review consisted of
a population of 4861693 pregnancies, with a total of
86 136 cases of CHD. The characteristics of the included
studies are presented in Table 1.

Figure S1 presents the risk-of-bias assessment for each
of the included studies using the ROBINS-E tool?”-28, Of
the 31 studies, 21 (67.74%) were case—control studies
and 10 (32.26%) were cohort studies. The study years
ranged from 1964 to 2019, whereas the publication
years ranged from 1969 to 2021, with only four studies
published in the last Syears. Most reports were from
the USA (15 studies), followed by Europe (11 studies).
A total of 26 studies reported data on maternal glycemic
status (PDM and/or GDM).

Twenty studies were included in the meta-analysis. Of
those 20 studies, only nine provided enough raw data
to compute risk estimates for individual CHD subtypes,
with a median number of studies included in subgroup
analyses of 4 (range, 2-6). Studies included in the

Additional records
identified through

citation search (n=8)

Records identified through
database search (7=8115):

o PubMed (=2304)

® Scopus (72=3807)

® Web of Science (1 =2004)

Duplicates removed |g—|
(n=4834)

] [ Identification ]

A 4
Records screened

(n=3289)

Screening

Records excluded after title and
abstract screening (1 =3248)

A 4
Full-text articles assessed
for eligibility
(n=41)

) (

Eligibility

Full-text articles excluded (2=10):
e Study design (17=7)
o Incomplete data (7=3)

4

Studies included in

qualitative synthesis
(n=31)

)

Studies excluded from data analysis (7=11):
e Inadequate control group (1= 6)

e Overlapping data (n=1)

® Unable to compute risk estimates (12=2)

® Missing BMI data (n=1)

® BMI categories not discernible (r=1)

Included

v
Studies included in
quantitative synthesis

— (n=20)

Figure 1 PRISMA flowchart summarizing inclusion of studies in
systematic review and meta-analysis. BMI, body mass index.
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systematic review but excluded from the meta-analysis
are detailed in Table S1.

Findings from meta-analysis

The quantitative findings for the risk of CHD subtypes
across BMI categories are presented in Figures 2, 3 and S2.
Table S2 summarizes the GRADE evidence profile for
quality assessment.

Maternal overweight BMI was associated with a pooled
OR 0of 1.05 (95% CI, 1.03-1.07) when compared with the
reference category. The analysis showed low heterogene-
ity (I>=30.62%) and non-significant publication bias
(Begg’s test, P=0.327; Egger’s test, P=0.052). The risk
estimate for pregnant women with obesity compared with
the reference category was higher than that for overweight
BMI (pooled OR, 1.42 (95% CI, 1.18-1.70)), despite
high heterogeneity (I>=97.94%) and some evidence
of publication bias (Begg’s test, P=0.002; Egger’s test,
P=0.888). Pooled OR for women with moderate and
severe obesity compared with the reference category were
1.15(95% CI, 1.11-1.20) and 1.39 (95% CI, 1.27-1.53),
respectively. Heterogeneity was low for the analysis of
women with moderate obesity (I> =47.69%) and higher
for the estimate of severe obesity (I = 74.39%). No publi-
cation bias was detected in either of the two comparisons.

Table 2 summarizes the results of sensitivity analyses
stratified by study attribute to identify sources of
heterogeneity. The pooled effect estimates yielded a
similar trend to that of the main analysis, with an
overall decrease in heterogeneity. The analysis specifically
restricted to study populations excluding PDM deter-
mined the OR of CHD for pregnant women considered
overweight and those with obesity, moderate obesity
and severe obesity to be 1.06 (95% CI, 1.03-1.10), 1.26
(95% CI, 1.22-1.30), 1.17 (95% CI, 1.13-1.23) and
1.48 (95% CI, 1.39-1.57), respectively.

Subgroup analyses

Subgroup analyses of BMI categories and individual
CHD subtypes are reported in Table3 and FigureS3.
Compared with the reference category, women with
obesity showed a significantly higher risk of severe CHD
(pooled OR, 1.48 (95% CI, 1.03-2.13)). Moreover, this
risk increased progressively from moderate to severe
obesity (pooled OR, 1.18 (95% CI, 1.10-1.27) and 1.45
(95% CI, 1.25-1.68), respectively).

All categories of increased BMI were associated with a
significantly higher risk of CTD, with a trend toward pro-
gressively increasing risk with rising BML. Particularly, the
severe obesity category was associated with an elevated
risk of both TGA (pooled OR, 1.39 (95% CI, 1.10-1.74))
and, to an even greater extent, TOF (pooled OR, 1.72
(95% CI, 1.38-2.16)).

Increased BMI categories were also associated with
a significantly higher risk of LVOTO. In particular,
all increased BMI categories were associated with an
elevated risk of HLHS, again with a progressive effect.

© 2024 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &
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None of the BMI categories was associated with an
increased risk of AS.

All categories of increased BMI were associated with
a significantly higher risk of RVOTO, with pooled OR
progressively escalating as BMI increased. Of note, the
risk of PVS increased for all BMI categories, again with a
progressive effect.

Compared with the reference category, women with
moderate and severe obesity had a significantly higher
overall risk of SD. Specifically, the risk of VSD and AVSD
increased only in women with severe obesity, whereas the
risk of ASD increased in all categories of increased BMI.

DISCUSSION
Main findings

This systematic review and meta-analysis found a
progressive increase in the risk of CHD in offspring
with rising maternal prepregnancy BMI (overweight to
moderate obesity to severe obesity), compared with
pregnancy with normal weight. When women with
PDM and/or GDM were excluded from the analysis, the
association persisted, emphasizing the effect of increased
adiposity (as measured by BMI) on the risk of CHD, even
in the absence of glycemic alteration. Not only was the
combined risk of CHD elevated, but also several specific
subtypes of CHD exhibited a trend of progressively
increasing risk as maternal BMI increased.

Interpretation

The mechanism by which maternal obesity influences
crucial phases of cardiac development is likely to be
multifactorial. First, the impact of maternal obesity on
fetal cardiac development is linked closely to alterations
in the metabolic environment. Pregnant women with
obesity exhibit elevated concentrations of glucose and
insulin, and these molecules can cross the placental
barrier, exerting an impact on fetal development®’. It
is possible that some of the effects of obesity may be
mediated by teratogenic processes, promoted by glycemic
dysregulation during embryonic development. Moreover,
a wide range of metabolic abnormalities are present in
women with obesity, including dyslipidemia and oxida-
tive stress®®. Obesity is associated closely with a state
of chronic low-grade inflammation, which can give rise
to the generation of reactive oxygen species, ultimately
exerting detrimental effects on cells and tissues. Placental
villous tissues from overweight and obese women were
found to have a 6- and 14-fold increase in reactive oxygen
species production, respectively®®. Exposure to this
oxidative stress during fetal development can interfere
with normal heart development.

Maternal obesity can directly influence the functionality
of the placenta, which has been identified as a con-
tributing factor to the changes in fetal growth and organ
development associated with maternal obesity’?. Women
with obesity exhibit inefficient placental blood flow and

Ultrasound Obstet Gynecol 2024; 64: 294-307.
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Maternal weight and congenital heart defect 301
Overweight Normal weight Odds ratio Weight

(a)  Study CHD No CHD No (95% CI) (%)
Baardman (2012)¥ 200 77 56 228 e — 1.15 (0.85-1.56)  0.36
Brite (2014)% 10 1262 16 2210 1.09 (0.50-2.42)  0.05
Cedergren (2002)* 19 36 139 305 1.16 (0.64-2.09)  0.09
Cedergren (2003)% 874 102504 4474 536379 - 1.02 (0.95-1.10)  6.65
Ghaderian (2014)% 63 52 70 74 R 1.28 (0.78-2.09)  0.13
Gilboa (2010)*” 998 1259 2212 3197 - 1.15 (1.04-1.27)  3.39
Madsen (2013)* 1741 23689 3831 53804 ] 1.03 (0.97-1.09) 10.21
Martinez-Frias (2005)% 177 1236 345 2753 T 1.14 (0.94-1.39)  0.88
Mills (2010) 1605 12495 3902 30561 - 1.01(0.95-1.07)  9.38
Oddy (2009)* 19 84 65 229 — 0.80 (0.45-1.41)  0.13
Persson (2017) 5082 5968 11807 13906 1.00 (0.96-1.05) 17.90
Persson (2019) 6207 426843 15128 1110311 t 1.07 (1.04-1.10)  38.70
Rutkowski (2021)% 1175 586034 2130 1148439 - 1.08 (1.01-1.16)  6.71
Shaw (2008) 74 146 161 375 —_ 1.18 (0.84-1.65)  0.29
Waller (2007) 2166 858 5343 2241 - 1.06 (0.96-1.16)  4.04
Watkins (2001)6* 51 108 319 1025 _ 1.52 (1.06-2.17)  0.21
Watkins (2003)5* 48 55 95 212 ————— 1.95(1.23-3.07)  0.12
Wau (2022)5 46 6352 256 37213 e 1.05 (0.77-1.44)  0.35
Yuan (2020)°¢ 97 93 776 745 . 1.00 (0.74-1.35)  0.39
Overall | 1.05 (1.03-1.07)
Heterogeneity: I*=30.62%, H>=1.44
Test of 0,=0: Q(18)=25.95, P=0.10
Test of 0=0: Z=5.10, P=0.00 . .

0.5 1 2
Obese Normal weight Odds ratio Weight
(b)  Study CHD  No CHD No (95% CI) (%)
Baardman (2012)%7 81 17 516 228 —— 2.11(1.22-3.63)  4.20
Brite (2014)% 20 1406 16 2210 ——8—— 1.96(1.01-3.80) 3.58
Cedergren (2002)* 23 30 139 305 —— 1.68 (0.94-3.00)  4.01
Cedergren (2003)* 826 85207 4474 536379 [ | 1.16 (1.08-1.25)  6.60
Ghaderian (2014)% 23 22 70 74 —— 1.11 (0.57-2.16)  3.54
Gilboa (2010)* 781 893 2212 3197 L 3 1.26 (1.13-1.41)  6.52
Khalil (2008) 141 87 73 68 —i— 1.51(0.99-2.31) 4.92
Madsen (2013)% 1670 18672 3831 53804 [ | 1.26 (1.18-1.33)  6.63
Martinez-Frias (2005)% 43 353 345 2753 —— 0.97 (0.69-1.36)  5.46
Mills (2010)% 1316 8824 3902 30561 [ | 1.17 (1.09-1.25)  6.62
Oddy (2009) 11 30 65 229 @ ——B— 1.29 (0.61-2.72)  3.19
Persson (2017)% 2727 3040 11807 13906 [ | 1.06 (1.00-1.12)  6.63
Persson (2019)% 3106 51941 15128 1110311 W 439 (4.22-4.57) 665
Rutkowski (2021)% 1204 489700 2130 1148439 [ | 1.33 (1.24-1.42)  6.61
Shaw (2008)%° 30 93 161 375 —i—— 0.75 (0.48-1.18)  4.76
Waller (2007)%2 1740 572 5343 2241 | ] 1.28 (1.15-1.42)  6.53
Watkins (2001)63 38 92 319 1025 —— 1.33(0.89-1.98)  5.08
Watkins (2003)6¢ 32 36 95 212 —— 1.98 (1.16-3.38)  4.27
Wu (2022)8 14 1116 256 37213 —— 1.82 (1.06-3.13)  4.22
Overall > 1.42 (1.18-1.70)
Heterogeneity: t2=0.13, P=97.94%, H2=48.48
Test of 0,=0;: Q(18) =2896.04, P=0.00
Test of 0=0: Z=3.73, P=0.00 . . .
0.5 1 2 4

Figure 2 Forest plots showing risk of congenital heart defect (CHD) according to maternal body mass index category: (a) overweight; and
(b) obesity. Only first author is given for each study.

© 2024 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Ultrasound Obstet Gynecol 2024; 64: 294-307.
Sons Ltd on behalf of International Society of Ultrasound in Obstetrics and Gynecology.

88N JO S9|N1 Jo} Afeiq1 1 8UIIUO A8|IM UO (SUOTIPUOD-PUE-SWLBHLIOD" &S| IMARe.d]1|BUIJUO//STRY) SUORIPUOD PUe SLWLB | 8U3 885 *[G202/60/6T] U0 AreldiauliuO A8]IM *eife}eUeIue0D Aq 659/2B0N/200T OT/I0p/wiod A8|im Areiq 1 pul|uo uABgoy/:sdny Wwoj papeo|umoq ‘€ ‘#20g ‘G0L069%T

3SUSD| T sUoWILL0D aA1Ra1)) a|qeat|dde ayy Aq pautenob are sspie YO



302 Salmeri et al.
Moderately obese Normal weight Odds ratio Weight
(a) Study CHD No CHD No (95% CI) (%)
Brite (2014)* 12 1103 16 2210 1.50 (0.71-3.19)  0.29
Cedergren (2003)% 640 69088 4474 536379 - 111 (1.02-1.21)  12.81
Gilboa (2010)* 467 572 2212 3197 —— 1.18 (1.03-1.35)  6.97
Khalil (2008)* 104 124 73 68 ——=— 0.78 (0.51-1.19)  0.91
Madsen (2013)* 1359 15846 3831 53804 | ] 1.20 (1.13-1.28) 16.27
Mills (2010)2 1084 7496 3902 30561 | 1.13 (1.05-1.22) 14.80
Persson (2017)% 1840 2063 11807 13906 | ] 1.05 (0.98-1.12)  15.65
Persson (2019)% 2131 129117 15128 1110311 [ | 1.21 (1.16-1.27) 20.33
Rutkowski (2021)% 635 284823 2130 1148439 k3 1.20 (1.10-1.31)  11.95
Overall ¢ 1.15 (1.11-1.20)
Heterogeneity: 2= 0.00, I*=47.69%, H*=1.91
Test of 0,=0: Q(8)=19.06, P=0.01
Test of 0=0: Z=6.77, P=0.00
1
Severely obese Normal weight Odds ratio Weight
(b) Study CHD No  CHD No (95% CI) (%)
Brite (2014)* 8 303 16 2210 3.65(1.55-8.59)  1.03
Cedergren (2003)* 186 16119 4474 536379 = 1.38 (1.19-1.60) 12.26
Gilboa (2010)* 314 321 2212 3197 E = 1.41(1.20-1.67) 11.33
Khalil (2008)* 37 22 73 68 ——&— 1.57(0.84-2.92)  1.87
Madsen (2013)* 311 2826 3831 53804 E 3 1.55 (1.37-1.75)  13.72
Mills (2010)* 232 1328 3902 30561 - 1.37 (1.19-1.58) 12.49
Persson (2017)% 887 977 11807 13906 ik 1.07 (0.97-1.17)  15.26
Persson (2019)%¢ 975 49810 15128 1110311 [ | 1.44 (1.35-1.53) 16.71
Rutkowski (2021)* 569 204877 2130 1148439 L ] 1.50 (1.36-1.64) 15.34
Overall L 4 1.39 (1.27-1.53)
Heterogeneity: t2=0.01, I*=74.39%, H*=3.90
Test of 0,=6: Q(8)=41.17, P=0.00
Test of 0=0: Z=7.26, P=0.00 | | |
1 2 4 8

Figure 3 Forest plots showing risk of congenital heart defect (CHD) according to maternal body mass index category: (a) moderate obesity;

and (b) severe obesity. Only first author is given for each study.

compromised delivery of oxygen and nutritional factors
that are important for fetal cardiac development”!.

In addition, women with obesity frequently exhibit
diminished levels of circulating adiponectin during
pregnancy’?, which has been linked to the development
of placental insulin resistance” and increased placental
nutrient transfer’#. This is particularly significant because
cardiac development primarily occurs during the first
trimester, a period in which the fetus is unable to
regulate glucose. Therefore, the fetus may be particularly
vulnerable to adiponectin-related dysfunction in placental
glucose transport of women with obesity during this
critical window.

Strengths and limitations

Our meta-analysis has several strengths. First, it provides
an up-to-date summary of the available evidence, which
is important for monitoring disease trends over time.
Previous meta-analyses have suggested a higher risk of
CHD with an increasing maternal BMI'>!5. However,
inconsistent findings emerged as a result of the limited
number of published reports at that time, significant

© 2024 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &

heterogeneity in comparisons, and residual confounding
by maternal glycemic status. Second, we employed
rigorous methods for data synthesis, including extensive
methods to pool individual data and assess heterogeneity
and publication bias. Third, we stratified results accord-
ing to several covariates, including maternal diabetes, to
control for potential confounders. Finally, we explored
the association between maternal BMI and several sub-
types of CHD, representing, to our knowledge, the most
extensive investigation of this topic to date. Additionally,
by adopting severity and topographic—functional criteria
when summarizing estimates, we enhanced the feasibility
of applying our findings in a clinical setting.

There are also some limitations. First, the GRADE
quality assessment rated most comparisons as low to
very low, because of the inclusion of case—control
studies, which offer less reliable risk estimates than
prospective population-based studies. Additionally, the
studies included may have underestimated the prevalence
of CHD in the population, considering that non-critical
CHD may not cause symptoms at birth and might
only be diagnosed later in life. Furthermore, decreased
sensitivity of ultrasound for cardiac anatomy has been

Ultrasound Obstet Gynecol 2024; 64: 294-307.
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Maternal weight and congenital heart defect 303
Table 2 Sensitivity analyses for maternal body mass index (BMI) categories and risk of all congenital heart defects (CHD)
Maternal BMI category Studies (n) Pooled OR (95% CI) 2 (%) P
Overweight
Overall 19* 1.05 (1.03-1.07) 30.62 0.001
Diabetes
Excluded PDM and GDM 7* 1.03 (0.98-1.09) 21.44 0.236
Excluded only PDM 7* 1.06 (1.03-1.10) 0 0.001
Study location
USA 9% 1.04 (1.01-1.08) 23.82 0.017
Europe 6% 1.06 (1.02-1.10) 16.28 0.002
China 2% 1.03 (0.82-1.27) 0 0.820
Study design
Case—control 14* 1.06 (1.02-1.08) 29.41 0.003
Cohort 5* 1.05 (1.95-3.25) 0 0.009
Publication year
<2013 12%* 1.05 (1.02-1.10) 22.69 0.001
>2013 7* 1.04 (1.03-1.07) 8.59 0.001
BMI cut-off
> 25 kg/m? 14* 1.05 (1.03-1.07) 19.89 0.001
> 26 kg/m? 3 0 0275
Obesity
Overall 19t 1.42 (1.18-1.70) 97.94 0.001
Diabetes
Excluded PDM and GDM 7* 1.16 (1.09-1.24) 33.51 0.001
Excluded only PDM 7* 1.26 (1.22-1.30) 23.08 0.001
Study location
USA 9t 1.63 (1.04-2.54) 99.32 0.033
Europe 6% 1.25(1.21-1.29) 21.47 0.001
Middle East 2% 1.38 (0.96-1.97) 0 0.078
Study design
Case—control 14* 1.22 (1.17-1.26) 5.19 0.001
Cohort St 1.85 (1.15-2.98) 99.42 0.011
Publication year
<2013 13* 1.22 (1.17-1.27) 14.35 0.001
>2013 61 1.73 (1.08-2.75) 99.36 0.022
BMI cut-off
> 29 kg/m? 3% 1.17 (1.09-1.26) 0 0.001
> 30 kg/m? 15t 1.42 (1.13-1.77) 98.46 0.002
Moderate obesity
Overall 9t 1.15 (1.11-1.20) 47.69 0.001
Diabetes
Excluded PDM and GDM 3% 1.12 (1.05-1.20) 39.61 0.001
Excluded only PDM 4% 1.17 (1.13-1.23) 0 0.001
Study location
USA St 1.13 (1.03-1.23) 81.34 0.007
Europe 3% 1.18 (1.13-1.23) 0 0.001
Middle East 1 — — —
Study design
Case—control St 1.16 (1.06-1.27) 76.12 0.002
Cohort 4% 1.15 (1.10-1.20) 14.24 0.001
Publication year
<2013 5* 1.15 (1.11-1.20) 35.32 0.001
>2013 4+ 1.16 (1.06-1.27) 76.12 0.001
Severe obesity
Overall 9t 1.39 (1.27-1.53) 74.39 0.001
Diabetes
Excluded PDM and GDM 3% 1.41 (1.23-1.62) 0 0.001
Excluded only PDM 4% 1.48 (1.39-1.57) 0 0.001
Study location
USA 5t 1.28 (1.06-1.55) 90.92 0.008
Europe 3% 1.48 (1.39-1.57) 0 0.001
Middle East 1 — — —
Study design
Case—control St 1.42 (1.02-2.12) 95.31 0.008
Cohort 4% 1.44 (1.34-1.54) 0 0.001
Publication year
<2013 5* 1.44 (1.34-1.54) 0 0.001
>2013 4+ 1.42 (1.10-1.84) 95.31 0.008

*Fixed-effects. TRandom-effects. GDM, gestational diabetes mellitus; OR, odds ratio; PDM, pregestational diabetes mellitus.

© 2024 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &
Sons Ltd on behalf of International Society of Ultrasound in Obstetrics and Gynecology.
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304 Salmeri et al.

Table 3 Subgroup analyses for maternal body mass index categories and risk of subtypes of congenital heart defect (CHD)

Publication bias

CHD Studies (n)  Cases (n)  Pooled OR (95% CI) I (%) P Egger’s Begg’s GRADE quality
Severe CHD
Overweight* 9 7607 1.27 (0.95-1.69) 95.31 0.10 0.254 0.251 Very low
Obesity* 8 6988 1.48 (1.03-2.13) 96.34 0.03 0.909 0.266 Very low
Moderate obesityt 5 6541 1.18 (1.10-1.27) 0 0.001 0.497 0.807 Low
Severe obesity™ N 5923 1.45(1.25-1.68) 39.47 0.001 0.599 1.000 Low
Conotruncal
All CTD
Overweight* 9 3704 1.09 (1.01-1.17) 42.57 0.02 0.437 0.917 Low
Obesity* 8 3331 1.48 (1.01-2.16) 93.26 0.04 0.990 0.266 Very low
Moderate obesityt N 3088 1.10 (1.00-1.23) 0 0.06 0.397 0.221 Low
Severe obesity T S 2839 1.52 (1.31-1.77) 6.30 0.001 0.770 1.000 Low
TGA
Overweightt 6 1679 1.04 (0.93-1.16) 8.78 0.46 0.436 1.000 Low
Obesity* 6 1474 1.35 (0.77-2.37) 92.26 0.30 0.528 1.0000 Very low
Moderate obesityt 4 1377 1.01 (0.86-1.20) 20.94 0.86 0.633 0.734 Very low
Severe obesity™ 4 1291 1.39 (1.10-1.74) 65.33 0.01 0.264 1.000 Very low
TOF
Overweightt 6 1417 1.10 (0.98-1.24) 16.70 0.11 0.924 1.000 Low
Obesity* 6 1281 1.48 (0.94-2.32) 88.22 0.09 0.733 0.707 Very low
Moderate obesityt 4 11173 1.08 (0.91-1.28) 0 0.36 0.185 0.089 Low
Severe obesityt 4 1100 1.72 (1.38-2.16) 5.20 0.001 0.633 0.308 Low
Left outflow
AIlLVOTO
Overweight* 6 1815 1.57 (1.04-2.37) 92.05 0.03 0.001 0.133 Very low
Obesity* N 1677 1.77 (1.03-3.04) 94.34 0.04 0.497 0.691 Very low
Moderate obesityt 4 1582 1.38 (1.22-1.58) 0 0.001 0.734 0.448 Low
Severe obesity™ 4 1369 1.27 (1.02-1.58) 57.78 0.03 0.089 0.194 Very low
HLHS
Overweightt 4 490 1.31 (1.08-1.59) 0 0.01 0.301 0.089 Low
Obesityt 4 467 1.51 (1.23-1.86) 0 0.001 0.308 0.242 Low
Moderate obesityt 3 434 1.54 (1.21-1.94) 0 0.001 0.450 1.000 Low
Severe obesityt 3 374 1.56 (1.08-2.27) 0 0.02 0.297 1.000 Low
CoA
Overweightt 4 575 1.17 (0.98-1.40) 29.80 0.09 0.040 0.089 Extremely low
Obesityt 4 534 1.24 (1.01-1.51) 0 0.04 0.389 0.734 Low
Moderate obesityt 4 507 1.29 (1.03-1.60) 0 0.03 0.815 1.000 Low
Severe obesityt 4 429 1.04 (0.69-1.56) 17.45 0.86 0.225 0.296 Very low
AS
Overweightt 2 254 0.99 (0.75-1.30) 22.09 0.93 0.257 —3 Very low
Obesity* 2 285 1.63 (0.43-6.12) 95.43 0.47 0.001 —3 Extremely low
Moderate obesity* 2 243 1.48 (0.78-2.81) 75.53 0.23 0.043 —1 Extremely low
Severe obesity* 2 194 1.02 (0.35-2.96) 66.33 0.97 0.014 —3 Extremely low
Right outflow
AllRVOTO
Overweightt 5 1894 1.25 (1.13-1.38) 21.71 0.001 0.076 0.221 Low
Obesity* 4 1706 2.03 (1.01-4.09) 96.66 0.049 0.689 0.308 Extremely low
Moderate obesityt 3 1582 1.37 (1.21-1.56) 0 0.001 0.552 0.296 Low
Severe obesityt 3 1393 1.63 (1.34-1.98) 0 0.001 0.304 0.296 Low
PVS
Overweightt 2 957 1.26 (1.09-1.44) 23.04 0.001 0.254 —1 Very low
Obesityt 2 896 1.44 (1.24-1.67) 0 0.001 0.729 —1 Low
Moderate obesityt 2 821 1.33 (1.13-1.58) 3.79 0.001 0.308 —1 Low
Severe obesity* 2 710 1.79 (1.39-2.30) 50.39 0.001 0.156 —3 Very low
Septal
All SD
Overweight* 7 25704 1.06 (0.99-1.12) 54.80 0.07 0.004 0.133 Very low
Obesity* 6 22947 1.60 (1.06-2.40) 98.98 0.02 0.799 0.452 Very low
Moderate obesityt S 21754 1.14 (1.09-1.19) 9.45 0.001 0.708 0.807 Low
Severe obesityt 5 19842 1.38 (1.30-1.47) 0 0.001 0.957 1.000 Low
VSD
Overweightt 7 15758 1.00 (0.96-1.03) 0 0.93 0.180 0.548 Low
Obesity* 6 13955 1.48 (0.96-2.30) 98.43 0.08 0.851 0.452 Extremely low
Continued over.
© 2024 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley & Ultrasound Obstet Gynecol 2024; 64: 294-307.
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Publication bias

CHD Studies (n)  Cases (n)  Pooled OR (95% CI) I (%) P Egger’s Begg’s GRADE quality
Moderate obesity™* 5 13347 1.05 (0.98-1.13) 36.75 0.19 0.604 0.882 Very low
Severe obesityT N 12195 1.16 (1.06-1.26) 0 0.001 0.314 0.462 Low

ASD
Overweight* 6 9077 1.12 (1.04-1.21) 39.94 0.001 0.247 0.707 Low
Obesity* 6 8169 1.84 (1.11-3.03) 98.27 0.02 0.793 0.452 Extremely low
Moderate obesityt 5 7624 1.30 (1.23-1.39) 0 0.001 0.513 1.000 Low
Severe obesity* 5 6887 1.71 (1.48-1.97) 42.05 0.001 0.866 1.000 Low

AVSD
Overweightt 4 1316 0.92 (0.80-1.05) 0 0.20 0.423 0.734 Low
Obesity* 4 1260 1.50 (0.73-3.09) 94.43 0.27 0.365 1.000 Extremely low
Moderate obesityt 4 1200 1.05 (0.89-1.25) 0 0.56 0.179 0.089 Low
Severe obesityt 4 1112 1.47 (1.13-1.91) 0 0.001 0.708 0.308 Low

Other

SV
Overweightt 2 400 1.04 (0.84-1.30) 0 0.71 0.434 —3 Very low
Obesity* 2 357 2.25(0.42-12.03) 97.41 0.35 0.001 —1 Extremely low
Moderate obesity* 2 335 1.24 (0.76-2.04) 59.01 0.39 0.118 —1 Extremely low
Severe obesity T 2 307 1.20 (0.78-1.86) 0 0.41 0.372 —3 Very low

APVR
Overweightt 3 195 1.25(0.39-4.04) 89.00 0.71 0.048 1.000 Extremely low
Obesity* 2 193 1.11 (0.66-1.87) 56.27 0.69 0.313 —1 Extremely low
Moderate obesity™* 2 181 1.14 (0.78-1.66) 17.84 0.51 0.271 —f Very low
Severe obesityt 2 159 1.26 (0.68-2.32) 0 0.46 0.176 —1 Very low

*Random effects. tFixed effects. FInsufficient observations. APVR, anomalous pulmonary venous return; AS, aortic valve stenosis; ASD,
atrial septal defect; AVSD, atrioventricular septal defect; CoA, coarctation of the aorta; CTD, conotruncal defect; HLHS, hypoplastic left

heart syndrome; LVOTO, left ventricular outflow tract obstruction; OR, odds ratio; PVS, pulmonary valve stenosis; RVOTO, right
ventricular outflow tract obstruction; SD, septal defect; SV, single ventricle; TGA, transposition of the great arteries; TOF, tetralogy of

Fallot; VSD, ventricular septal defect.

documented in women with obesity, which may lead
to underdiagnosis’>. BMI estimations in many included
studies were based on self-reported retrospective data,
which can be subject to recall bias. Variations in case
ascertainment and classification methods across studies
may also have influenced the results. Additionally, the
sensitivity analyses excluding diabetes might not have
completely accounted for glycemic variations in the
original study populations, given that these studies did
not specify levels of glycemic control. Further explo-
ration of infertility and the use of assisted reproductive
technologies could have provided additional insights into
the association of obesity and CHD within specific study
populations”®. However, only one study® included in
our analysis reported on the mode of conception, offering
insufficient data for generating pooled estimates. A fur-
ther limitation is the varied definition of CHD subtypes,
a common issue due to the lack of a universally endorsed
prenatal classification system”’”. We endeavored to adhere
to the 11% revision of the International Classification
of Diseases (ICD-11) criteria (https://icd.who.int/en).
However, as older studies did not define the defects with
the same level of detail, universally adopted classifications
based upon severity and topography were chosen33:34,

Conclusions

CHD is a significant and emerging global issue in child
health”®. This meta-analysis confirms the association
between maternal obesity and CHD, underlining the

© 2024 The Authors. Ultrasound in Obstetrics & Gynecology published by John Wiley &

importance of public health measures while calling
for more research into the mechanisms behind this
relationship. It is crucial for women of childbearing age
to be aware of the adverse effects of elevated BMI. As
obesity is a potentially modifiable risk factor, lifestyle
interventions, such as weight management, increased
physical activity and a healthy diet, can be suggested
as a preventive strategy for CHD. Moreover, early
CHD detection is crucial for proper management and
planning”®. This includes early identification and prompt
referral to a tertiary center for optimal delivery and
neonatal treatment®®3!, which is essential to enhance
survival and the long-term outcome®?,

We recommend classifying obesity as a high-risk
pregnancy, with the aim that fetal ultrasound cardiac
monitoring and early referral for echocardiography may
prompt CHD detection”?. Regarding optimal timing,
some experts recommend transvaginal cardiac screening
for obese women between 13 and 16 weeks’ gestation
because of enhanced visualization®>%*. This approach
may improve early CHD diagnosis and management,
although its performance and cost-effectiveness require
further study. Additionally, in women with severe
obesity and suboptimal cardiac views, fetal cardiovascular
magnetic resonance imaging may be considered in later
stages of pregnancy®’.
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El peso materno antes del embarazo como factor de riesgo independiente de cardiopatia
congénita: revision sistematica y metaanalisis estratificado por subtipo y gravedad de la
cardiopatia

RESUMEN

Objetivo. Evaluar la asociacion entre el aumento del indice de masa corporal (IMC) materno antes del embarazo y el
riesgo de cardiopatias congénitas (CC) en la progenie.

Meétodos. En esta revision sistematica y metaanalisis se realizaron basquedas en PubMed/MEDLINE, Web of Science
y Scopus desde el inicio hasta el 20 de abril de 2023. Las estimaciones de riesgo se derivaron o calcularon para
categorias de IMC mas altas (sobrepeso, obesidad, obesidad moderada y obesidad grave) en comparacion con el peso
normal (referencia). Se utilizaron modelos de efectos fijos o aleatorios para combinar las estimaciones de riesgo de
los estudios individuales en funcion del grado de heterogeneidad. Se realizaron analisis de sensibilidad para ponderar
las estimaciones combinadas para los factores moderadores relevantes, en particular la diabetes previa y posterior al
embarazo. Se realizaron analisis de subgrupos para subtipos especificos de CC cuando habia al menos dos estudios con
datos disponibles. Los resultados se presentaron segregados por grupo de cardiopatias, clasificados segtn criterios de
gravedad y topografico-funcionales, y para cada cardiopatia individual. La certeza de la evidencia para cada estimacion
del efecto se evalud segiin las directrices de Clasificacion de las Recomendaciones, Valoracion, Desarrollo y Evaluacion
(GRADE, por sus siglas en inglés).

Resultados. En total, se incluyeron 31 estudios que comprendian 4 861 693 pacientes y 86 136 casos de CC. El
riesgo de CC aumentd progresivamente de la obesidad moderada a la grave (razon de momios [RM] combinada
1,15 [IC 95%, 1,11-1,20] y 1,39 [IC 95%, 1,27-1,53], respectivamente). El analisis de sensibilidad indicd que este
efecto persistia independientemente del estado de la diabetes materna previa o posterior al embarazo. En el analisis de
subgrupos, la obesidad se asoci6 con un aumento de hasta 1,5 veces en el riesgo de CC grave (RM combinada 1,48
[IC 95%, 1,03-2,13]). La obesidad grave se asocid a un riesgo ain mayor, con probabilidades 1,8 veces superiores en
comparacion con el grupo de referencia para subtipos especificos de CC, como la tetralogia de Fallot (RM combinada
1,72 [IC 95%, 1,38-2,16]), la estenosis de la valvula pulmonar (RM combinada 1,79 [IC 95%, 1,39-2,30]) y la
comunicacion interauricular (RM combinada 1,71 [IC 95%, 1,48-1,97]).

Conclusiones. El peso materno es un factor de riesgo modificable crucial para la CC, en particular para las formas
graves de las cardiopatias. Es necesario seguir investigando si el control del peso antes del embarazo podria servir
como medida preventiva contra las CC. En las mujeres embarazadas obesas, la ecocardiografia fetal deberia ser un
procedimiento diagnostico rutinario.
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