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Abstract

Background: Congenital heart defect (CHD) is the leading cause of birth defects globally, which results in a great
disease burden. It is still imperative to detect the risk factors of CHD. This umbrella review aimed to comprehensively
summarize the evidence and grade the evidence of the associations between non-genetic risk factors and CHD.

Methods: Databases including Medline, Embase, Web of Science, Cochrane Library, and four Chinese databases were
searched from inception to 18 Jan 2022. The reference lists of systematic reviews (SR) and meta-analyses (MA) were
screened, which aimed to explore the non-genetic risk factors of CHD. Subsequently, titles and abstracts of identified
records and full texts of selected SR/MA were screened by two independent reviewers based on predefined eligibility
criteria. A priori developed extraction form was used to abstract relative data following the PRISMA 2020 and MOOSE
guidelines. The risk of bias was assessed with the AMSTAR2 instrument. Data were synthesized using fixed-effects and
random-effects meta-analyses, respectively. Finally, the evidence on the association of non-genetic risk factors and
CHD was graded using loannidis's five-class evidence grade.

Results: A total of 56 SRs, encompassing 369 MAs, were identified. The risk factors included relative factors on air
pollution, reproductive-related factors, parental age and BMI, parental life habits, working and dwelling environment,
maternal drug exposure, and maternal disease. Based on AMSTAR?2 criteria, only 16% (9/56) of SRs were classified as
“Moderate” One hundred and two traceable positive association MAs involving 949 component individual studies
were included in further analysis and grading of evidence. Family genetic history, number of abortions, maternal
obesity, especially moderate or severe obesity, decoration materials, harmful chemicals, noise during pregnancy, folic
acid supplementation, SSRIs, SNRIs, any antidepressants in the first trimester, maternal DM (including both PGDM and
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cohort studies and case-control studies.

GDM), and gestational hypertension were convincing and highly suggestive factors for CHD. After sensitivity analyses
based on cohort studies, some grades of evidence changed.

Conclusion: The present umbrella review will provide evidence-based information for women of childbearing age
before or during pregnancy to prevent CHD. In addition, sensitivity analysis based on cohort studies showed the
changed evidence levels. Therefore, future SR/MA should concern the sensitivity analysis based on prospective birth

Keywords: Congenital heart defects, Non-genetic risk factors, Umbrella review, Grade of evidence

Introduction

Birth defects are growing parts of the global disease bur-
den for under 18years old because of the fall in infec-
tious diseases and improvements in children nutrition,
in which congenital heart defects (CHD) is the leading
cause of birth defects globally [1]. More than one mil-
lion fetuses with CHD worldwide result in a great disease
burden [2], especially in less economically developed
areas where treatment technologies for CHD are insuffi-
cient or unavailable [3]. Although the burden disease of
CHD could be primarily controlled by prenatal screening
for CHD, the increased rates of termination of pregnancy
impacted the maternal psychological and physical health
[4, 5]. Therefore, it is still imperative to reduce the risk
of CHD and to enhance perinatal prevention and health
care.

As for the risk of CHD, the current consensus is that
the development of CHD is determined by both genetic
and environment factors. Although the genetic algo-
rithms for cardiac defects have been constructed, the risk
assessment of CHD based on non-genetic risk factors is
still imperative because non-genetic risk factors can be
prevented more easily [6]. In order to clarify clear hier-
archies of evidence between types of environmental fac-
tors and birth defect, especially for CHD, two umbrella
reviews based on published systematic reviews and
meta-analysis were performed [7, 8]. However, with the
accumulation of new significant evidence on risk fac-
tors of CHD, including maternal diabetes mellitus (DM)
[9], parental smoking [10], maternal air pollution expo-
sure [11], maternal caffeinated products [12], and anti-
depressant classes and individual antidepressants [13],
it was found that some associations of specific subgroup
of CHD had not been contained and analyzed in the
published reviews. In view of these developments, an
updated umbrella review is needed to summary or evalu-
ate the robustness of the evidence.

In addition, a China Birth Cohort aimed to assess the
risk of CHD was initiated in 2017, 500,000 pregnant
women have been enrolled and following up by far [14,
15]. In order to provide a comprehensive summary of
non-genetic risk factors as a basis of this large cohort
program, we designed this updated umbrella review to

ascertain the validity and credibility of the published
systematic reviews and meta-analyses for epidemiology
studies on risk factors of CHD.

Methods

This review was conducted according to the rules for
conducting umbrella reviews and published approach
[16, 17], and was reported in accordance with the Sys-
tematic Reviews and Meta-analysis (PRISMA 2020)
statement [18] and Meta-analysis of Observational Stud-
ies in Epidemiology (MOOSE) guidelines [19].

Literature search

The Chinese and English databases were systematically
searched, including Medline, Embase, the Cochrane
Library, Web of Science databases, Wangfang, CNKI,
VIP, and Sinomed databases from database inception to
18 January 2022. All studies aimed to explore the poten-
tial environmental risk factors of CHD were captured.
Initial free-text keywords and Medical Subject Head-
ings or EmTree terms included ‘congenital heart defects,
‘tetralogy of fallot, ‘cyanotic heart, ‘aortic coarctation,
‘heart valve diseases; ‘hypoplastic syndrome; ‘pulmonary
atresia, ‘interruption of the aortic arch) ‘valve stenosis;
‘pulmonary atresia, ‘systematic review, and ‘meta-anal-
ysis. To provide comparable results, we used the syntax
applied in the previous comprehensive Cochrane reviews
[20, 21] .The detailed search strategy can be found in Sup-
plementary Table S1. All studies that included the search
terms in the titles or abstracts were identified. To supple-
ment the database searches, we further hand-searched
the additional potential eligible studies according to the
references of the published umbrella reviews as a supple-
mentary search [7, 8].

Eligibility criteria

The systematic reviews (SR) or meta-analyses (MA) of
individual observational studies (case-control, cohort,
cross-sectional and ecological studies) were eligible,
which aimed to examine the associations between envi-
ronmental risk or protective factors and CHD (includ-
ing any kind of specific classification of CHD). The
exclusion criteria included: (1) SR/MA focused only
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on genetic risk factors of CHD; (2) SR/MA focused on
risk factors which influenced treatment and prognosis
of CHD; (3) SR/MA aimed to study the impact of adult
CHD on other diseases; (4) SR/MA of epidemiological
descriptive studies of CHD; (5) SR/MA that did not pre-
sent study specific data (relative risks (RR), odds ratio
(OR), 95% confidence intervals, and numbers of cases/
population). The language was restricted to English and
Chinese. SR presented separate MA on more than one
eligible outcome (such as atrial septal defect (ASD),
ventricular septal defects (VSD), and coarctation of the
aorta (COA)) were assessed separately. Given that more
than one MA focus on the same scientific association,
the one with the largest number of included component
studies was selected, but sensitivity analyses and com-
parisons were conducted to assess the concordance of
the summary associations (direction, magnitude, and
significance) in these duplicate meta-analyses [22].

Screening process and data extraction

Individual studies of SR and MA were firstly screened
based on titles and abstracts. If a judgment could not
be made based on titles and abstracts, we proceeded
to read the full text. Both the screening process and
data extraction were performed independently by
four investigators (L.X., W.C., S.J., and S.Z.). Senior
investigators (X.N.) resolved discrepancies through
discussions.

For each eligible MA, three independent investiga-
tors (L.X., W.C,, and S.].) firstly extracted data including:
name of first author, year of publication, country, factor,
outcome, number of included component studies, search
date, study population, combined effect value reported
with 95% CI, the model of analysis (fix/random model),
and method of bias assessment.

Four independent investigators (L.X., W.C., S.J., and
S.Z.) then extract the following information for each
component included study of eligible MA: first author
and published year of corresponding MA, first name of
component study, year of publication, study design, fac-
tor, outcome (including CHD and any kind of specific
classification), comparison level, population size of each
component study, number of case and control for case-
control study, number of exposure and non-exposure
group for cohort study, effect size reported with 95%
CL. For the purpose of mitigating the risk of introducing
newly defined factors not originally present in the litera-
ture, we restricted the data extraction to only the factors
that each individual meta-analysis or systematic review
had originally introduced and did not combine similar
factors if the meta-analysis or systematic review had con-
sidered and analyzed them separately.
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Risk of bias assessment

The methodological quality of each included SR was
independently assessed by two group of raters (L.X.,
W.C., S.J., and S.Z.) with the Assessment of Multiple Sys-
TemAtic Reviews (AMSTAR) 2 tool (https://amstar.ca/
Amstar-2.php). AMSTAR? ranks the quality of a SR from
critically low to high according to 16 predefined items
[23]. In case of disagreement between raters, consensus
ratings were used and senior investigator (X.N.) resolved
discrepancies through discussions.

Data synthesis and analysis

All statistical analyses and forest plot were conducted
using the package ‘metaumbrella’ (version 1.0.1), which
had just released in 2022 for R (R Foundation for Statisti-
cal Computing, version 4.1.2).

Considering the MA with negative association did not
show statistical significance and the requirement of Egger
test (number of included studies: k> 3), we only focused
on selected MA with positive association for further syn-
thesis and analysis. For each eligible MA, we estimated
the summary effect sizes and 95% CI through both fixed-
effects and random-effects models. We also estimated
the prediction interval (PI) and its 95%CI, which further
accounts for between-study effects and estimates the cer-
tainty of the association if a new study addresses the same
association [24—-26]. Between-study inconsistency was
estimated with the 2, with values > 50% indicative of high
heterogeneity [27]. We calculated the evidence of small-
study effects using the Egger test with a p-value of <0.10
[28], where statistical significance would mean potential
reporting/publication bias in smaller studies or other rea-
sons why small studies differ from larger ones. Finally, we
applied the excess of significance test [29]. Because of the
limited statistical power of this test, a lenient significance
threshold (p <0.10) was adopted [30]. Considering the
effect size of the largest dataset, we estimated the power
of each component study with an algorithm using a non-
central ¢ distribution.

In addition, we addressed temporality with a sensitiv-
ity analysis that includes only prospective studies because
the temporality of the association is critical to minimize
reverse causation in an umbrella review of potential risk
and protective factors [16, 31].

Assessment of evidence credibility

All the evidences were categorized into five categories
as follows: (1) Convincing: number of all included stud-
ies>1000 cases, random-effect p<10~ 6 IP<50%, 95% pre-
diction interval excluding null value, largest study has
significantly result, no small study effect, no excess signif-
icance bias; (2) Highly suggestive: number of all included
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studies>1000 cases, random-effect p<1075, largest study
has significantly result; (3) Suggestive: number of all
included studies>1000 cases, random-effect p<10~3; (4)
Weak: significant association with p<0.05; (5) NS: Not
significant associated [32].

Results

Characteristics of included SR/MA

Overall, 9923 potentially eligible records were identified.
After screening titles and abstracts, full-text evaluation
was carried out for 214 records. Among them, 101 stud-
ies needed to extract data to determine whether it was the
largest and latest study of the specific association that can
be included. Finally, 56 SRs with 369 MAs were fulfilled
the inclusion criteria (Fig. 1). In addition, the reference
list of 45 excluded SR used for assessing the concordance
of the summary associations is showed in Supplementary
Table S2. The included studies examined a total of poten-
tial risk/protective factors in 6 categories including air pol-
lution [11, 33-35], reproductive related factors [36—42],
parental demographic status(i.e. age and BMI) [43-49],
parental life habits, working and dwelling environment [10,
12, 42, 46, 50-55], maternal drug exposure [13, 53, 56-74],
and maternal diseases [9, 75-82]. Fourteen multiple sub-
types of CHD were involved atrial septal defect (ASD),
ventricular septal defects (VSD), atrioventricular septal
defect (AVSD), pulmonary valve stenosis (PVS), tetralogy
of fallot (TOF), conotruncal defects (CTD), coarctation
of the aorta (COA), patent ductus arteriosus (PDA), sep-
tal defects, transposition of great arteries (TGA), hypo-
plastic left heart syndrome (HLHS), outflow tract (OFT)
defect, left ventricular outflow tract obstruction (LVOTD),
and right ventricular outflow tract obstruction (RVOTD).
Among all these 369 kinds of MAs for specific association,
50% (185/369) of M As showed positive association for the
specific factor and CHD, 37% (136/369) showed negative
association, and 13% (48/369) included less than 3 studies
which were not applicable for Egger test. Supplementary
Table S3, S4, S5 shows the main characteristics of all the
selected MAs. Given that negative association classified
as lowest class and some data of specific positive-associa-
tion MAs could not be traceable, we only focused on 102
traceable positive-association M As for further analysis and
grading the evidence (Fig. 1).

Studies methodological quality and risk of bias assessment
The results of methodological quality ranking of all the
included 56 SRs are shown in Supplementary Table S6.
Based on AMSTAR2 criteria, 16% (9/56) of SRs were
classified as “Moderate’, 29% (16/56) were “Low qual-
ity’; and 55% (31/56) were assessed as “Critically Low”.
The critical flaws were mainly manifested in the follow-
ing items: (1) All (0/56) SR did not report on the sources
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of funding for the individual studies; (2) 75% (42/56) did
not provide a list of excluded studies to justify the exclu-
sions; (3) 50% (28/56) did not assess the potential impact
of risk of bias in individual studies on the results of the
meta-analysis; (4) 45% (25/56) did not report the risk of
bias in individual studies when interpreting/discussing
the results of the review; (5) 41% (23/56) did not report
any potential sources of conflict of interest.

Overall data synthesis and analysis of eligible
positive-association MAs

One-hundred and two MAs involving 949 component
individual studies were included for data synthesis and
grading the evidence, in which 271 individual stud-
ies were cohort studies and other 678 were case-control
studies. Among them, the outcome of 802 studies were
CHD, the rest were about ASD (n =36), HLHS (n =20),
ASD/VSD (n =17), septal defects (n =16), TOF (n =12),
RVOTO (n =10), COA (n =7), CTD (n =7), OFT
defects (n =6), VSD (n =6), TGA (n =4), and AVSD
(n =3). Table 1 and Table 2 showed the quantitative
synthesis of eligible associations for specific factors and
CHD together with various subtypes, respectively. Sev-
enty-one of 102 (70%) associations were obtained from
individual studies with 1000 or above cases. Forty-three
(4%) associations had a p <0.005, and 26 (25%) associa-
tions reached p <10~ °. Large estimates of heterogeneity
(P >50%) in meta-analysis were detected for 38 associa-
tion (37%). Moreover, small-study effects were showed
in 19 associations (19%), and there were 24 associations
(24%) with evidence of excess significance. Overall, 5
(5%) of all the factors showed convincing (Class I) evi-
dence, 13 (13%) showed highly suggestive (Class II) evi-
dence, 21 (21%) showed suggestive (Class III) evidence,
63 (62%) showed weak (Class IV) evidence. For presenta-
tion purposes, the sections below only summarized the
evidence grade for 68 factors of CHD.

Reproductive related and assistive technologies

Regarding the outcome of CHD, family genetic history
showed convincing (Class I), and number of abortions
were highly suggestive (Class II) evidence. In-vitro-ferti-
lization (IVF) or Intracytoplasmic sperm injection (ICSI)
pregnancy, especially singleton IVF/ICS], history of (spon-
taneous) abortion, maternal parity, gravidity number,
these five factors showed suggestive (Class III) evidence of
increasing the risk for CHD. Monochorionic (MC) twins,
either with or without twin—twin transfusion syndrome
(TTTS), MC twins with TTTS vs. MC twins without
TTTS, ICSI vs IVF (in fresh transplantation cycle), inter-
marriage, maternal or fetal abnormalities detected, history
of induced abortion, and gravidity had class IV evidence as
a risk factor for CHD (Table 1 and Fig. 2).
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Identification

Screening

Included

Identification of studies via databases

9923 records identified from:
English databases(n=9142):
Medline (n=3207)
Embase (n=4778)
Web of Science (n=771)
Cochrane Library (n=386)
Chinese databases (n=781):
CNKI (n=102)
Wangfang (n=426)
SinoMed (n=168)
VIP (n=85)

Records removed before screening:
2051 duplicate records marked as ineligible by

v

automation tools of Endnote software removed:
. English records (n =1838)
. Chinese records (n =213)

Records included from references from exist
umbrella reviews by hands

A

Records screened by title and
abstracts
(n =7883)

(n=11)

> Records excluded

!

Records assessed for eligibility
through full text of articles
(n=214)

(n = 7669)

113 full-text articles excluded:
. Repeated articles (n = 20)
. Not about CHD (n=34)

Eligible studies need to extract
data to determine whether it is
the largest study of the specific
association that can be included
(Up till Jan 18, 2022)
(n=101)

A4

. Genetic factors of CHD (n = 2)

. Diagnosis, treatment, or prognosis of CHD
(n=27)

. Epidemiology of CHD (n = 4)

. Non-systematic review (n =12)

. IPD-meta-analysis (n =3)

. Non-English or non-Chinese articles (n = 1)

. SR without quantitative synthesis (n = 10)

Systematic reviews used for assessing the
concordance of the summary associations

56 Systematic reviews with 369
meta-analyses included in this
umbrella review
(Up till Jan 18, 2022)

A4

(direction, magnitude, and significance) which did
not included the largest meta-analysis
(n =45)

v

! }

185 meta-analyses showed
positive association of the
specific factor and CHD

A,

136 meta-analyses 48 meta-analyses
showed negative included less than 3
association for the studies which were not
specific factor and CHD applicable for Egger test

«_J

102 traceable positive-association
meta-analyses for further analysis
and grading the evidence

Fig. 1 The flow diagram of included systematic reviews and meta-analysis

Parental age and BMI

had class IV evidence as a risk factor for CHD. In terms

Regarding the maternal BMI, maternal moderate or of parental age, paternal age (>40years and 35—-39years)
severe obesity identified convincing (Class I) evidence and maternal age (>35years) showed suggestive (Class
and maternal obesity showed highly suggestive (Class II)  III) evidence of increasing the risk for CHD (Table 1 and
compared with normal BMI, while maternal overweight  Fig. 3).



Page 6 of 17

(2022) 22:371

Il ¥0-3109 €€-3561 6€0 1'/S (¢v'1'06'0) (lzrsoelt 600 T9'/C 0¢ Juswiulene [euoiesnps [eulsley
Aoueu

[ £0-3896 6t-3/£9 S50 0S¥/ (L7597'€00)  (LVL'8€D) LT 90 060¢ ¢ -baid buunp sjeuslew UOILI0IIP JO 3INSOAX]
Aoueu

Il 80-3¢8'¢C 8C-3reEC 100 08'€9 (18C1'88°0) (€1'S6LD SE€ 9,0 00€€ €l -Baud Bulnp sjestwayd [njuiey 01 ainsodxd

Il C1-3899 ¥1-38C°€ 0L0 9L'LE (6E£G9 1) (9£°€'607) 08C €00 8lcl S Aoueubaid buunp ssiou 01 ainsodxg
JUBWUOJIAUD Bulj]oMp pue bupjiom ‘syigey a41| [eauaied

Al ¢0-30C¢ Y0311 S00 8585 (lz1'e6'0) L1101 90 91'0 909'CS 6l 1YB1aMISNO [eullely

Il ¥0-399'C 90-3/€'L 100 e (9€°1'86°0) w08 9t0 zllel 6 (s1eah G <) abe |eus1RW PADUBADY

Il Y0-3¢/L'L 90-305'8 76'0 7991 (¢e1'86°0) (ccLrool) ¥ L0 6LlTLL S (s1edh6e-6¢) abe eusaied

Il S0-3¢Ce €C-39t'L 000 £EY6 (6%'89°0) (€c'ie) 1L 0€0 S/ L (s1e9h Oy<) 9be [eualed

Il 01-3€6'9 r-38C°S 900 ¥9'19 (S£1'ToL) OvlzTl) €€ L0  976'8S 0¢ A11S890 [eulatey

I ol-30vy [4R=VA) ¥C0 v8ee (LT1'soL) (ool s 910 GEBE S Alis9q0 S1eISpPOW [BUIDIENY

I 97-366'L 9¢-366'L SC0 000 (esL'oT’L) (r1'ogl) 8¢ 0L0 L6 S A1S200 2193 [RUIRIRN
IWg pue abe |ejudied

Al 90-3¢99 90-3¢99 v/.0 000 (€SGYO'L) (LS EY9 1) 0¥ /90 €Cl 4 SLLLINOYUM SUIMI DN "SA S1LL YUM SUIMI DN

Al v¢-329°¢€ ¥-329°€ €€0 000 (55°6'79°€) (87'8'8L'Y) 88'G €00 Lyl 9 SUIMI DN

Al L#-390°¢C L1#-390°C 890 000 (€0LT'er /) (#0'81'99'8) 0STL 700 ol 9 SLLLYUM SUIMI DIN

Al JAREVASEY VAREVAES 760 000 (7€01'98°0) (808'99°€) 'S L0 yeL S SLLLINOYUM SUIMI DN

Al 0-3€0C SO-3LLL 00t 0L¢o (181220 @gleol) 8 90 orS o] Apiness

Al 0-3¥9'L €0-390'L 00'L 8¥'59 (LF9'vi0) (SsT0L'1) 89 €00 9951 9 uonoge padnput Jo A10IsiH

Al €0-350°¢€ €0-350°¢ 00'L 000 (L¥'L¥'600) (9g€'8T’1) L0T 800 ¥ € (31240 uoneue|dsuesy ysaiy ul) 4A1 SA SD]

Al 90-3€0°L 90-3€0°L €50 000 (€8¥¥'81°0) (6£7'88'1) 88'C 9¢0 ASl4 € obepuewIIU|

Al €0-388'2 €0-398°¢ 0Lo0 6,8l (C1967'C0°0) (6v¥'sT L vmm 14 S50 ¥9¢ € Pa12319p SalljewIouqe [e1a) IO [BUIS1RN

Il 90-3¢1'L 80-3/€C Y0 89'ly (€€'1'660) (ccisol) s 600 18ey / Jaquinu Aypieio

Il S0-36¥'C £0-3SL°¢ €00 LLSY (8¥'100°L) el ee €10 156/ €l uonoge Jo AIoIsiH

Il 90-3£5'C 90-3£5°C 790 SLLL weLoLL) (lerery e ¥S0 LL€S 6 uonoge snoauejuods Jo LI0IsIH

Il S0-369% 80-38L'S LS0 [4°254 (€TTY60) €LV sy 190 Y0l 8 sapueubaid 4Al/ISD

Il 70-368'G S0-3€C€ 990 8lGe (80°€'6/°0) (00T'LTL)9s Lo 6SL¢ S ISDI/4A1 uoIR|BUIS

Il 03¢y G-308°¢ 760 S9¢8 (8/°1'¢8°0) ©g1'60'1) TC 880 /08¢ 4 Auled eussiely

Il 80-316'L 80-368'L €0 vCSs (95°190'1) (ov'1'8l'1) 8¢ S0 €lve 14 Jaguinu uoniogy

I 8¢-3¢0'L 8¢-3¢0'L ¥C0 000 (EL¥'L€D) (PL'¥'0L7) SE°€ [a4y LG// S A103s1y 2112Ub Ajiuieq
sa1bojouyda) aAnsIsse pue paje[a4 aandNpoiday

(1D%S6)32z1s
anjead anjead anjead (%), Pays Alewwns  anjead
selq
duedylubis 159}

<OpeID  129)jo-wopuey 1d3Y3-paxi4 ssadx3  AyauaboialeH 1d%S6  129y9-wopuey 19663  sased salpnis 10304

Nie et al. BMC Pregnancy and Childbirth

AHD pue 10128} 9A1123104d AjS1 dUIDAdS J0) SUONERIDOSSe 3ARISOd 3|qIB1ID JO SISSUYIUAS aAnRINUEND L 3]qel



Page 7 of 17

(2022) 22:371

Nie et al. BMC Pregnancy and Childbirth

Al €0-3/6'8 £0-381°L N0 008, (8£°01'S€°0) (1ze8lL'l) 56 v0 91/9 S (4359WIY 351y DY} UI) 9]0ZBUODN|H
Al ¢0-385°¢ ¢0-385°¢ 00°L 000 (LEY'SE0) (61101 V €90 1659 € uoidoidng
N ¢0-380°L 90-3£1°¢ 660 ¢0'59 (8L¥'650) (Yaa RNy L0 95/'6S 8 (12159WLY 1544 U U1) SI2D0|0-g
Al 0-38C¢ ¢0-38C¢ 00°L 000 (€£°1'€8°0) (erl'co : 10 419 14 (MmOJ sA ybiy) s1eN
N [{O=I4N] €0-370'L 6C0 LGSy (¥6'1'28°0) (05'1'S0L) 9¢ lZ0  ¢T9'L9 Ll wesdojend
N c0-39¢y c0-39¢y SL0 000 (£1'1'68°0) (¥0'1'00'1) 20 950 9¢8 € (B g0 Ajiep jeuonippe yoes) a3eslN
Al €0-3¢C6 90-3¢ey <00 8¢9 (€5°€'65°0) (16'L'0LL) b 9C0  865YL €l aul[eles
N €0-3L1¢ ¥0-3S2°S S6°0 000 (98°€'€6°0) (98°C'9C'1) 06 940 €001 JA s1s91 Aoueubaid suousoy [ei0
Il S0-3€C8 Sl-36Ct 910 9095 (£81'98°0) (eri'el v €90 61/ 6l (I91S9WI1 1S4 9Y1 UI) SIYSS
Il ¥0-30%'C 90-306'¢ 610 ST8¢ (¢L1'86°0) OSlel)o €60 €CSvL 4! aunsxon|4
Il £0-3£0°C cc3ble 90 S/'8% (69°1'86°0) (w121 8e 050  6€5'l9 0c¢ (49152W11 151y 943 Ul) Juessaidapiue Auy
I 80-3Irl'C le-35¢€¢ 000 9L'6L (cz1'og0) (€£0'150) 190 000  9/T'8L 0¢ uoneiusws|ddns pioe dijo4
| 9l-3¢/°L 9l-3¢/°L LE0 LL°CE weL6L L) (€eL'el’l) ot 80 OLl'tw 91 SIYSS
| 60-3£09 01-38%'6 090 LT¥C (55T'60°1) (86°1'01'1) £9 60 /' 14 SIINS
ainsodxa bnap jewaiey
(Uswom pasodxaun Yum
N €0-368'% 90-3Lt'L 900 8/'1/ (00198/29'000)  (CL'€l'6SL) 95T 870 ¥lEGL € Ppaledwod J21SaWLIL 1SIY U1 U1) INSOAXS WNIYT]
(uonendod jesauab yim
Al €0-356'C £0-30LC 800 7169 (Olzee'L00)  (96€L'cL'L) 06F L¥0 €676l ¥ Paseduio J21sawl 1s1y U1 Ul) 21nsodxa Winiyil
(paspiosip sejodig yum syusined yim
Al ¢0-369'L 03691 00t 000 (1569'90°0) (6ee’el V 6€0 65 € pasedwod 313w} 151y Y1 Ul) 2Insodxa Wniyr
N €0-3¢l'S €0-3¢1'S S0 000 (€0T'98°0) 091'60'1) ¢ 6C0 0ce ¥ s1onpoid pajeulayed jo xeiul Ybiy
Al €0-38¥'C S0-30L % 100 80'et (LIEP90) @riel v 6/0 0861 14 (Rep/an21eb1d 61-01) Bupiows 46| [eusied
Al 03641 0-3¢C’L 000 17’58 (¥0'81'61°0) ore'1ol) S8 €00 €181 S (Rep/ana11ebidpz <) bBupjows Areay [eu.aled
N 03511 c0-3S1°L 00°L 000 (82°1'16°0) (€91'90'1) ¢ €50 9¢sc 9 9INSOAXD SIUBA|0S
Al ¢0-390°C ¢0-390°¢ €0 000 (€1'1'86°0) outo : ¢L0 0518 S auwiooul Ajiwey
sadueIsgns
Al €0-318¢ €0-318°¢ /50 000 (0g£1'210) (€rzel v S6°0 616 € 9SI9APE 0} 21Nsodxa [euonednad0 [euldled
Il 90-31 8l-36¢€ 810 07’88 (L6TLS0) (12110 000 SS/'eCt S8 Bunjows aAnoe [euslepy
Il Cl-360¢C G6-3856 €00 1568 (S59'1L9°0) (EvT'99L v 00¢C 000  €¥l'Gl 44 Bupjows aaissed [euiepy
Il 0-381°L 1389 00'L 66'CS (¢r'T'sg0) (c/rell) ey 1244 660C €l Bupiowss aAioe [eulled
Il ¥0-3.0% L1-31¥'8 00'L G898 (c8T'cL0) (YW a7 90 8688 0l Buiows |eusaled
(1D%S6)32z1s
anjead anjend anjend (%), 1aye Alewwns  anjead
selq
aduedylubis 159}
2PRID 1J9j9-wopuey 139))9-paxiy ssadx3  Auauabouisloy 1d%S6  123y9-wopuey 19663  sase) saipms 101084

(panunuod) L ajqey



Page 8 of 17

(2022) 22:371

Nie et al. BMC Pregnancy and Childbirth

31UOLIOYDOUOA DA/ ‘DWOIPUAS UOISNJSULIY UIMI-UIMY ] [ | ‘SNH||9W SD19geIp |euol1e1sab pygo ‘sniljjow sa1aqgelp jeuoleisabaid ygod ‘sn

oW $319eIp [eUIdlRW

W@ “1ouqiyul axeidnal aunydauidaiou-uiuololss [YNS 4oHgIYyul XeIdnal UIU00ISS BAIIIB|DS [¥SS ‘Uondaful wiads djwse|dolAdeliul (S ‘UOIIRZI|11I4-0JHA-U| J/] ‘|eAISIUI DAIDIPIJ |d ‘|eAI3IUI SDUSPYUO)) [ UONDIAIGQY

Speih 3DUIPIAS SSE|I-IAY SSIPIUUERO| |

Al €0-361°¢ Gl-3le'L 8¢€0 [9LL Ly LT'€T0) OSY'orl) €St S0 LOY9 Al uonoajul [elin
Al ¥0-3E¥'6 ¥0-38C°€ €e0 PEES (8€'67'€50) 06'8'SL'1) S6'E o 6Ll 14 uonajut sniiaojeBbawoIf
Al ¢1-398°¢ ¢1-388°C S00 €59 (crselo (C9v'9€0) 0¢'€ 90 [433 L SNUIA ellogny
Al 0-3eL'1 90-39¢¢C 660 ales (€06'650) (lLzor) gL 810 9569 8 ezusnyu|
Al 70-30¥'9 90-31S°¢C 100 LG8y (¢r'8'9v°0) (88T'€E1) 96 710 8€S 14 Adueubaid buunp uonLNujey
Al £0-3¢0°L 91-39C'L 690 ¥S'LS FTSL'P60) (6L9ceD) 6L€ 8C0 €99 S uondayul Aiorelidsay
Al 0-319¢ €0-3¢6'L 20 1659 (00000€'000)  (C68LOLL) LSY 100 [4 744 € WiA1sAs 9A1ONPOIdaI AU JO UORDAYU|
Al 90-30t'L 90-30t'£L S0 000 (cTLTd'Lo0) (€78'8T0) €€F 66'0 ore € Aoueubaid a10jaq saseasip dluoIyd
Il S0-39/°L S0-3£0'S 000 6208 (S8T'SL0) L1 9r 000  69C'L¢ ol 1one
Il 8€-369'L 19-981'8 000 99'/6 ¥T9'60'L) (L0€'S90) 09T 000 S¥S'991 0S A«
Il Ly-3vLC 00+3000 6,0 6€6/L (889'¢H'L) (69€590) €le Y00 evLeEl 0¢ Nd5d
I L1-3¢8°¢ rLL-3vCe 100 66'88 (L5Y¥'C8°0) (SET6SL) 6 LI'0 01066 o WdS
Il L1-361°1 8¢l-3¢6'€ €80 €6'6L (15°€'s8°0) (coT8rl) €L €L0  /90'8€L €C uoIsusLadAY euonelSaD)
S9se3SIp [euldle
(1D%S6)921s
anjead anjend anjead (%) Pays Alewwns  anjead
selq
cuedylubis 1591
<OpeID  129jj9-wopuey 1d3y3-paxi4 ssadx3 AuauaboialoH 1d%S6  129y9-wopuey 19663  sase) saipms 101084

(penunuod) | sjqel



Page 9 of 17

(2022) 22:371

Nie et al. BMC Pregnancy and Childbirth

Al ¢0-3¢0°¢ ¢0-3¢0°¢ 00'L 000 (¥6'1'08°0) cs1'eo) sl 9¢0 143 14 Ausaqo jeusanepy
V0D

Al c0-3LLe €0-3€09 680 VA 74 (16'8C°£0°0) 66'1'E0°L) €v'L vLI'0 €660 € Bupiows aanoe jeusale|y

Al €0-35¥'8 70-308'S ¥6°0 8lee OL€'190) (LL1'60°1) 6€°L 7€0 8ley 14 SIYSS

Al co-3cce €0-3¥9°C 900 ly'09  (9662C'100) (€9T¥0°1) 99'L LE0 0¢0c € JonaA
OlOAY

Al L0-3¥SY L0-3YSY 650 000 (F¥'01'9€°0) (¢5T0s1) S6'L 710 89 € A11s3q0 219135 [eusalepy

Al €0-3L1¢ €0-3L1¢ 500 770l (99'1'66'0) (1S1'60°L) 8C'L 870 /88 S Alsaqo |eusaiepy

Al €0-3¢6'6 €0-3¢6'6 €€0 000 (86'C'9£°0) (socoLl) 1St 090 9691 14 NS
401

Al 0-316C 50-3998 1ZA0) JA4) (657'€90) (65°1'€0L) 8C'L 600 (3533 ¥ Ausaqo [eusanep

Al ¢0-386'L €0-3/5°¢ 710 000 (9961°0L°0) (€6'1'90L) €¥'L o 8e8'th € (I9159WI1 1514 9Y1 U1) 9]0ZeUOIN|4

Al 0-397'¢ S0-39L% 860 129 (¢r'€'95°0) (98°1'20l) 8¢'L 90 L 9 SI4SS

Il 80-30%'¢C 80-30t'C 9¢0 000 (Le'EY'€T0) Oy LLe €0 8¢yl € auljenlss
s129jop |erdas

Il S0-3¢9¢ 60-380°L 810 9Ly (18'1'16°0) Syl ect SLo  wlv'le 9l (19159WIL 1544 U3 Ul) SIYSS
asa/asy

Al €0-38L°2 €0-381/ 001 000 (€0T'S80) 091'80°1) LEL 000 8l ¥ 1BIaMISA0 [eUISIBN

Al Y0315 y0-31S°€ 810 000 (L1°£'e€0) (sl vsL 8C0 6 € Ausaqo a1esepou [eusaley

Al ¢0-39¢C°L ¢0-39C°1 001 000 (€v/1'SL0) (LETLLL)09'L [44y [43 € Ausaqo 219A3s eusaiey

Al §0-3516 G0-3516 o 000 (¢r'T'96°0) (88lect) st 10 ovl ¥ A11saqo [eusale

Al ¢0-38¥'¢ ¢0-38¥'¢ 001 000 (6£91'€1°0) (L1Te0l) 6L L0 L11'8T € 0J195UepPUO

Il ¥0-35C'8 ¥0-35C'8 €20 000  (P6LLC¥00) (€6'5'65°1) LOE o s8¢ € (I9ISeWlIsIy Sy3 up) UloIuRINJONIN
SHTH

Al S0-36L°L S0-36L'L L00 000 (¢5T'€90) (lriyL) ot S0 ore € A11S200 S1RI8POW [eUIIRIA

Al S0-3¢l'L 60-35€°€ 000 6,9 (8¥61'51°0) (bLsen el 6€0 06 € Ausaqo a1anas [eussley

Al ¢0-3e6'c 60-3611 €00 eces (€T650) (191'zo'L) 9L L0 /0TS 6 Bupjows dAnoe [eussiely

Al €0-3/€¢C 80-3¢S'8 660 86'LL (¢6'5'95°0) (89C¥Cl) 8L 050 £96¢ L SI4SS

Al €0-300°¢ 0-3lvYy ¥6°0 7A4 (55°5'L€0) am 4 v €50 lyle 9 19/

Il 90-386'C 01-386'S 12’0 §1'8¢ (61'7'£80) 651'LT1) 8 LZ0 8CeC 4 Alsaqo [eussiely

Il r0-31C¢ 0l-3€€9 610 LLLS (€79'890) Amo €0v'1) 90'C 6,0 8099 9 (19159WIL1 1S4 DU UI) SIYSS
asv

(1D%S6)3z1s
anjead anjend anjead (%), 1>3y9 Alewwns anjend
selq
2duedylubis

OPeID  109y9-wopuey  1J9j9-paxi4 ssdxa  A1ousboisray 1d%S6  1d9)9-wopuey 159119663 sase)  salpnis 101084

AHD Jo s2dAigns pue 101oe) dL1D3ds 104 SUOEDOSSE dAINSOd 31g1D11D JO SISOYIUAS SAllRIIUBND T d]qeL



Page 10 of 17

(2022) 22:371

Nie et al. BMC Pregnancy and Childbirth

12949p |e3daS JBINDLIIUIAOLIY JSAY ‘sd1I1Ie

1e316 Jo uonisodsuel] D 10841 MOJINO [ O ‘S13J9P [BDUNII0UOD (/) ‘e1IO. U] JO UOIILIDIROY) /0D ‘UOIIdNIISCO 10811 MO|JINO JendLIURA 1YBIY q10AY 10|18} Jo ABojena] 4O ‘s19949p |e1das JBINdLIIUSA JSA ‘SWOIpUAs
ueay ya| dnsejdodAH SHTH ‘109)9p |e1das [eLly GSY DIUOLIOYDOUO|A DY ‘DWOIPUAS UOISNJSURIY UIMI-UIM] S/ [ | ‘SN1Ij|9W S213qeIp [euolle1sab pygo ‘snijjlaw salagelp [euoneisabaid pygod ‘sniljjdw sa1agelp |euialew
W@ “0uqiyur erdnas sunydauidaiou-uiuololes [YNS 401Igiyul e1dnal Ulu0I0ISSs AIIR|RS [HSS ‘UoNIS(uUl wiads diwse|dolkoeiu] (SO ‘UOIIEZI|I1IJ-01UA-U| 4/ [BAISIUI SAIIDIPAI [d ‘|BAISIUI 92USPYUOD) |D UOIDIAIQQY

opeib S2UBPIAS SSB|D-SAY SSIPIULEO] ,

Al 0-3€Ce c0-3€Ce 001 000 (6€CL'L10) 00Te0 ) vl LE0 95/ € Asaqo 219n3s [eusaley
asAv
Al ¢0-3¢6'c 10-3¥0Z 001 6671 (LEOEY00) (69°1'201) 60°L 170 1444 € A11s9q0 219n3s [euslely
Il £0-3¥8/ L0-3¥8'L €00 90'8S (191'co’t) (S VANDIa 000  8/6'CE 4 uolsus1adAy [euopelsen
asa
Al ¢0-388'L 03t 960 000 (cL°£'8¥°0) (60€'LLl) 8L €70 9101l 4 19/
VoL
Al 7-305°L 7-305°1 10 000 (8£7'L50) (lereol) 6Ll 710 866 € 1yblamIano [eulsrey
Al 01-368'8 L 1-399°¢ 90 000 (SI'ET90) (ssrscleeL 6,0 0¢9 € Alsaqo eussiely
140
Al €0-3/€¢C €0-3L€¢C /90 000 (88C'CS0) ovigol) ect Lo 8/CL € Ausaqo [eussiely
Al ¢0-389°¢ ¢0-39¢ 960 L¥'S BLY'/¥0) (coT'loL) o¥'L ¥S0 095¢ 4 1one
aL
Al [dy=laqd [d=laad 00t 000 (9€9'1€0) 091'col) 6Tt 90 0S € A11S2C0 21RI8POU [PUIRIRIN
(1D%S6)32!s
anjead anjend anjead (%), 129y Alewwns anjead
selq
aduedyiubis
OPeID  1D9y-wopuey  1J9j9-paxi4 ssdxa  fpousboimray 1d%S6  1d9)9-wopuey 159119663 sase)  salpnis 101084

(panuNUOd) Z 3jqey



Nie et al. BMC Pregnancy and Childbirth (2022) 22:371

Page 11 of 17

Authors Class | OR [95% CI]
Dong JM Family genetic history -0 3.35[2.70, 4.14]
Class I
FengY Abortion number [ ) 1.28 [1.18, 1.40]
Class il
Giorgione V Singleton IVF/ICSI —o— 1.56 [1.21, 2.00]
Giorgione V ICSI/IVF pregnancies @ 1.45[1.21, 1.73]
FengY History of abortion o 1.22[1.11, 1.34]
FengY Maternal parity [ ) 1.22[1.09, 1.36]
FengY History of sportaneous abortion [ ) 1.21[1.12, 1.31]
FengY Gravidity number ) 1.15[1.08, 1.22]
Class IV
Gijtenbeek M MC twins with TTTS —e— 12.50[8.66, 18.04]
Gijtenbeek M MC twins —0— 5.88 [4.18, 8.28]
Gijtenbeek M MC twins without TTTS —e— 5.44 [3.66, 8.08]
Ma DH Intermarriage —— 2.88[1.88, 4.39]
Gijtenbeek M MC twins with TTTS vs. MC twins without TTTS —e— 2.40 [1.64, 3.51]
Ma DH Maternal or fetal abnormalities detected ——— 2.37 [1.25, 4.49]
OuY ICSI vs IVF (in fresh transplantation cycle) —— 2.07 [1.28, 3.36]
FengY History of induced abortion —— 1.68[1.10, 2.55]
FengY Gravidity @ 1.18 [1.03, 1.36]
0.05 0.22 1 4.47 20
Odds Ratio (OR)
Fig. 2 The forest plot for the association reproductive related and assistive technologies risk factors and CHD. IVF: In-vitro-fertilization; ICSI:
Intracytoplasmic sperm injection; TTTS, twin-twin transfusion syndrome; MC, Monochorionic

Parental life habits, working and dwelling environment

Exposure to decoration materials, harmful chemicals
and noise during pregnancy showed highly suggestive
evidence (Class II). While the weak (Class IV) evidence
included the Lithium exposure in the first trimester com-
pared with unexposed women or history exposed patients
with bipolar disorder, solvents exposure, paternal occu-
pational exposure to adverse substances, and high intake
of caffeinated products. Regarding the parental smok-
ing, both maternal active and passive smoking, paternal
smoking, especially paternal active smoking were classed
as grade III evidence. However, both paternal light smok-
ing (10-19 cigarettes/day) and heavy smoking (>20 cig-
arettes/day) were showed as weak (Class IV) evidence
compared with nonsmoker. In terms of family financial
situation, maternal educational attainment and family
income showed suggestive (Class III) evidence and weak
(Class IV) evidence, respectively (Table 1 and Fig. 4).

Maternal drug exposure

Folic acid supplementation showed convincing (Class
II) evidence, which was only protective factor for CHD.
On the contrary, Selective serotonin reuptake inhibitors

(SSRIs) and serotonin-norepinephrine reuptake inhibi-
tors (SNRIs) showed convincing (Class I) evidence as risk
factors for CHD. Any antidepressants in the first trimes-
ter were class as grade II. Other eligible drug exposure,
including fluconazole in the first trimester, 3 — blockers
in the first trimester, oral hormone pregnancy tests, ser-
traline, citalopram, bupropion, nitrate (either high vs low
or each additional daily 0.5 mg) were class IV risk factors
for CHD (Table 1 and Fig. 5).

Maternal diseases

Maternal diabetes mellitus (DM), including both preges-
tational diabetes mellitus (PGDM), gestational diabetes
mellitus (GDM), together with gestational hyperten-
sion were classed as highly suggestive evidence (Class
II). Fever showed suggestive (Class III) evidence. Finally,
malnutrition during pregnancy, infection of the repro-
ductive system, cytomegalovirus, rubella virus, influ-
enza, viral infection, respiratory infection all had class
IV evidence. Chronic disease before pregnancy was also
a class IV risk factor for CHD (Table 1 and Fig. 6).
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Authors
Cai GJ

Cai GJ

Zheng Z

Fang YW

Wang J

Peng JY

Zheng Z

Class |

Maternal severe obesity

Maternal moderate obesity

Class I

Maternal obesity

Class lll

Paternal age (> 40 years)

Advanced maternal age (> 35 years)
Paternal age (35-39 years)

Class IV

Maternal overweight

-
L\ 4
_._
—.—
-o-
o
@
[ T T 1
0.71 1 1.41 2

0.5

Odds Ratio (OR)

Fig. 3 The forest plot for the association between parental age and BMI risk factors and CHD

OR [95% Cl]
1.38 [1.30, 1.47]

1.15[1.10, 1.20]

1.33 [1.22, 1.46]

1.71[1.31, 2.23]

1.15[1.07, 1.24]

1.14[1.08, 1.22]

1.06 [1.01, 1.12]

Authors

Jiang D
Jiang D

Zhao LJ
Zhao LJ
Peng JY
Zhao LJ
YuD

Fornaro M
Fornaro M
Fornaro M
Peng JY
Dong JM
Peng JY
Yue Y
Spinder N
YuD

Class Il

Exposure of decoration materials during pregnancy
Exposure to harmful chemicals during pregnancy
Exposure to noise during pregnancy

Class lll

Maternal passive smoking

Paternal active smoking

Paternal smoking

Maternal active smoking

Maternal educational attainment

Class IV

Lithium exposure (in the first trimester compared with general population)

Lithium exposure (in the first trimester compared with unexposed women)

Lithium exposure (in the first trimester compared with patients with bipolar disorderd)

Paternal heavy smoking (> 20 cigarrette/day)

Paternal occupational exposure to adverse substances

Paternal light smoking (10-19 cigarrette/day)
High intake of caffeinated products
Solvents exposure

Family income

OR [95% CI]
4.21[2.37, 7.47]
3.35[2.19, 5.13]
2.80 [2.09, 3.76]

2.00 [1.65, 2.43]
1.43[1.19, 1.72]
1.42[1.17, 1.73]
1.30[1.17, 1.44]
1.13[1.05, 1.21]

4.90 [1.72, 13.96]
4.56 [1.59, 13.12]
1.96 [1.13, 3.39]
1.85 [1.01, 3.40]
1.70 [1.19, 2.43]
1.41[1.13, 1.76]
1.32[1.09, 1.60]
1.32[1.06, 1.63]
1.05[1.01, 1.10]

r T T T

0.05 0.22 1 4.47
Odds Ratio (OR)

Fig. 4 The forest plot for the association between parental life habits, working and dwelling environment and CHD
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Authors Class | OR [95% CI]
De Vries C SNRIs —e— 1.67 [1.40, 1.98]
De Vries C SSRIs 3 1.26 [1.19, 1.33]

Class I
Xu AP Folic acid supplementation —— 0.61[0.51, 0.73]
De Vries C Any antidepressant (in the first trimester) —o— 1.28[1.17, 1.41]

Class Il
Gao SY Fluoxetine —e— 1.30[1.13, 1.50]
Zhang TN SSRIs (in the first trimester) —0— 1.26 [1.13, 1.42]

Class IV
Budani MC Fluconazole (in the first trimester) o 1.95[1.18, 3.21]
CarlH Oral hormone pregnancy tests ——e—— 1.90[1.26, 2.86]
Wu'Y R—-blockers (in the first trimester) ——— 1.57 [1.11, 2.23]
Gao SY Sertraline ———— 1.44[1.10, 1.91]
Gao SY Citalopram —e— 1.26 [1.05, 1.50]
De Vries C Bupropion —— 1.23[1.01, 1.49]
Rahimi KN Nitrate (high vs low) —e— 1.20 [1.02, 1.42]
Rahimi KN Nitrate (each additional daily 0.5 mg) ? 1.02[1.00, 1.04]

T T T T 1
0.33 0.58 1 1.73 3
Odds Ratio (OR)

Fig. 5 The forest plot for the association between maternal drug exposure and CHD. SSRI, Selective serotonin reuptake inhibitor; SSRI, Selective
serotonin reuptake inhibitor

Sensitivity analysis investigating temporality of association
The cohort studies were separated for sensitivity analy-
ses involving 37 factors, in which seven factors (high
intake of caffeinated products, solvents exposure, fam-
ily income, folic acid supplementary, fluconazole in the
first trimester, bupropion, and fever) did not conduct
data quantitative synthesis because of only one eligible
cohort (Supplementary Table S7 and Fig. S1, S2, S3, 54,
S5). Among the other 30 factors, 24 remained significant
at p<0.05. Overall, 16 factors remained the same level
of evidence with umbrella review based on both cohort
studies and case-control studies. In addition, 13 factors
(maternal parity, ICSI/IVF pregnancies, maternal obesity,
maternal overweigh, paternal age (>40years), mater-
nal educational attainment, maternal passive smoking,
maternal active smoking, f-blockers in the first trimester,
SNRI, SSRI, oral hormone pregnancy tests, and GDM)
downgraded while one (any antidepressant in the first tri-
mester) upgraded.

Discussion

We conducted this updated umbrella review to system-
atically integrate the evidence to data of risk/protective
factors for CHD and its various subtypes. In summary,

our umbrella review indicated that family genetic history,
number of abortions, maternal obesity, especially mod-
erate or severe obesity, decoration materials, harmful
chemicals, noise during pregnancy, folic acid supplemen-
tation, SSRIs, SNRIs, any antidepressants in the first tri-
mester, maternal DM (including both PGDM and GDM),
and gestational hypertension were convincing and highly
suggestive factors for CHD.

Although there have been published two umbrella
reviews, Zhang’s study lacked of not only some important
factors, maternal DM for instance, but also assessment of
robustness based on sensitivity analysis [7]; while Lee’s
review focused on both environmental and genetic risk
factors of all kinds of congenital anomalies rather than
only about CHD which seem unreasonable because dif-
ferent types of congenital anomalies occurred based on
different pathogenesis [8]. Furthermore, the evidence was
not graded in Lee’s review. Given these aforementioned
limitations, we searched till 18 Jan, 2022 and included all
the latest SR/IMA of specific association of CHD, such
as maternal DM [9], parental smoking [10], and air pol-
lution exposure [11], which are important factors for
CHD and its various subtypes. Moreover, we conducted
sensitivity analysis based on only cohort component
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Authors Class Il OR [95% CI]
Chen LT PGDM 3 3.13[2.65, 3.69]
Chen LT DM o 2.60[2.25, 3.01]
Chen LT GDM @ 1.94 [1.59, 2.35]
Ma L Gestational hypertension . 1.73 [1.48, 2.03]
Class Il
Yang GH Fever @ 1.46 [1.21, 1.76]
Class IV
Zhou TJ Infection of the reproductive system o 4.57 [1.10, 18.92]
Zhou TJ Chronic diseases before pregnancy —— 4.33[2.28, 8.23]
Ye ZW Cytomegalovirus infection ——— 3.95[1.75, 8.90]
Zhou TJ Respiratory infection —— 3.79[2.32, 6.19]
Ye ZW Rubella virus —0— 3.30[2.36, 4.62]
Ye ZW Viral infection —— 2.53 [1.40, 4.56]
Zhou TJ Malnutrition during pregnancy —— 1.96 [1.33, 2.88]
Luteijn JM Influenza —— 1.73[1.10, 2.71]
T T T 1
0.05 0.22 1 4.47 20
Odds Ratio (OR)

Fig. 6 The forest plot for the association between maternal disease and CHD. PGDM, pregestational diabetes mellitus; DM, diabetes mellitus; GDM:
gestational diabetes mellitus

individual studies to detect the robustness of current
evidence based on both cohort studies and case-control
studies. In addition, we used the latest released R pack-
age ‘metaumbrella’ (version 1.0.1) to conduct and check
all the analysis process as recommended by the rules for
conducting umbrella review [16], which facilitated qual-
ity control for process and better comparison of results.
Compared with the results of published umbrella
reviews, most of the summary results are consistent and
grade of factors stay the same. Regarding the inconsist-
ent results, partly because we chose latest published larg-
est MA for specific association, in which the component
individual studies were different from articles of Zhang’s
and Korean research groups [7, 8]. On the other hand,
since some included MA did not provide the reference
list or the complete data for analysis in this umbrella
review so that we could not confirm the accuracy of the
data in SR after careful consideration, even though we
attempted to contact the corresponding author. There-
fore, we waived to synthesis and analysis these associa-
tions and only summarized the main characteristics in
Supplementary Table S4. It is suggested that meta-anal-
ysis should not only focus on reporting quality, but also

provide necessary required data for subsequent repeat-
able analysis.

Our results suggest a substantial number of factors
that may be considered as predictors in CHD (although
their causality may be less certain and need further high
-quality cohort research). The most obvious advantage
of studying risk factors, particularly those that are envi-
ronmental and potentially modifiable, is that it can pro-
vide crucial knowledge on prevention strategies [3]. The
convincing and highly suggestive factors defined in our
umbrella review, including family genetic history, num-
ber of abortions, maternal obesity, especially moderate
or severe obesity, decoration materials, harmful chemi-
cals, noise during pregnancy, folic acid supplementation,
SSRIs, SNRIs, any antidepressants in the first trimester,
maternal DM (including both PGDM and GDM), and
gestational hypertension, should be focused by women of
childbearing age before or during pregnancy to prevent
fetal congenital heart disease.

The main strength of this umbrella review lies in the
systematic search strategy, good quality control during
data extraction, and rigorous data analysis and synthesis.
However, this review does have some limitations. Firstly,
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as we described in the methods, this umbrella review
could only conduct secondary analysis based on the asso-
ciations which has been investigated, published and sys-
tematically reviewed or meta-analyzed. Take maternal
MC twins with TTTS as an example, since there was only
one MA (including two component individual studies) in
Gijtenbeelk’s article focused on this association [38], even
if this association may have an amazingly strong effect,
but it will probably only be classified as Class IV evidence
because of involving <1000 patients. To avoid this limi-
tation, we systematically searched and included as com-
prehensive as possible. Indeed, if the factor was not part
of any systematic review or meta-analysis, it would not
be even included in the umbrella review. Moreover, since
the overall quality of the included SRs and MAs was rela-
tively unsatisfactory and data tracing could not be con-
ducted, some factors could not be graded in our umbrella
review (see in the Supplementary Table S4 for data trace-
ablity). At last, relatively a few prospective cohort indi-
vidual studies were included in current SR/MA so that
further causality inference needs to be very cautious.
Future research about CHD should be focused on estab-
lish larger birth cohort and continuously followed-up to
provide more powerful sequential evidence.

Conclusion

The present umbrella review will provide evidence-based
information for women of childbearing age before or dur-
ing pregnancy to prevent CHD. In addition, the sensitiv-
ity analysis based on cohort studies showed the changed
evidence levels. Therefore, future SR/MA should concern
the sensitivity analysis based on prospective birth cohort
studies and case-control studies.
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