Archives of Gynecology and Obstetrics (2019) 300:1491-1506
https://doi.org/10.1007/500404-019-05376-6

REVIEW q

Check for
updates

Risk of congenital heart defects in offspring exposed to maternal
diabetes mellitus: an updated systematic review and meta-analysis

Letao Chen' - Tubao Yang' - Lizhang Chen' - Lesan Wang' - Tingting Wang' - Lijuan Zhao' - Ziwei Ye' -
Senmao Zhang' - Liu Luo' - Zan Zheng' - Jiabi Qin’

Received: 31 March 2019 / Accepted: 25 October 2019 / Published online: 12 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Purpose A systematic review and meta-analysis was performed to assess the risk of congenital heart defects (CHDs) and
its specific phenotypes associated with maternal diabetes mellitus (DM) including pregestational diabetes mellitus (PGDM)
and gestational diabetes mellitus (GDM).

Methods PubMed, Embase, Medline, Google Scholar, Cochrane Libraries, China National Knowledge Infrastructure, Wan-
fang Database, Chinese Scientific Journals Fulltext Database and China Biology Medicine disc were searched from the
inception dates to 15 December 2018, to identify case—control or cohort studies assessing the association between maternal
DM and risk of CHDs. The exposure of interest was maternal DM; the outcomes of interest were CHDs and its specific
phenotypes. Either a fixed- or a random-effects model was used to calculate the overall combined risk estimates. Subgroup
analyses were performed to explore potential heterogeneity moderators.

Results Total 52 studies, which involved 259,917 patients with CHDs among 16,929,835 participants, were included for
analysis. Overall, mothers with DM compared with those without DM had a significantly higher risk of CHDs in offspring
[odds ratios (OR)=2.71, 95% confidence intervals (CI) 2.28-3.23]. When data were restricted to different types of DM, a
significantly increased risk of CHDs was observed among mothers with PGDM (OR =3.18, 95% CI 2.77-3.65) and GDM
(OR=1.98,95% CI 1.66-2.36). Our study suggested the risk of CHDs was significantly higher among mothers with PGDM
than those with GDM. Additionally, this study suggested maternal DM was significantly associated with most phenotypes
of CHDs; of these, double outlet of the right ventricle (OR =10.89; 95% CI 8.77-13.53), atrioventricular septal defect
(OR=5.74; 95% CI 3.20-10.27) and truncus arteriosus (OR =5.06; 95% CI 2.65-9.65) were identified as the first three of
the most common phenotypes of CHDs associated with maternal DM.

Conclusions The maternal DM including PGDM and GDM are significantly associated with risk of CHDs and its most phe-
notypes. The PGDM seems to be more likely to cause CHDs in offspring than GDM. Further studies are needed to clarify
the underlying mechanisms.

Keywords Maternal diabetes mellitus - Congenital heart defects - Pregestational diabetes mellitus - Gestational diabetes
mellitus - Phenotypes - Meta-analysis

Introduction

Congenital heart defects (CHDs) are structural problems
arising from the abnormal formation of the heart or major
blood vessels, considered as the most common types of
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congenital malformations [1]. With a prevalence of 6-10
per 1000 live births, CHDs affect approximately 1.35 mil-
lion newborns worldwide each year [2]. In infants and young
children, CHDs are the leading proportion of non-infectious
morbidity and mortality caused by birth defects [3] and
result in 1-1.5% of global mortality among children under
5 years of age [4].

Environmental and genetic factors are generally consid-
ered to play an important role in the pathogenesis of CHDs
[5-9], but the exact cause remains controversial. Cur-
rently, original studies from animal experiments [10, 11]
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and high-quality cohort studies [12—16] generally believe
that mothers with diabetes mellitus (DM) compared with
non-diabetic increase the risk of CHDs in their offspring.
Further studies have shown that although pregestational DM
(PGDM) was associated with an increased risk of CHDs,
the magnitudes of the association varied between the stud-
ies [17-20]. Moreover, it remains unclear enough for the
relationships between gestational DM (GDM) and CHDs
as well as the precise risks for specific subtypes of CHDs
associated with maternal DM.

Although three meta-analyses [21-23] on this topic have
been published, they only highlight a limited portion of the
associations between maternal DM and CHDs. The latest
meta-analysis performed by Hoang et al. [23] showed that
maternal DM was associated with CHDs and its some spe-
cific phenotypes, but this review only focus on the asso-
ciation between PGDM and a small portion of the CHD
phenotypes. According to the previous original studies, the
common CHDs could be divided into more than 20 pheno-
types [12], which indicated the results of this review were
not comprehensive. In addition, when significant heteroge-
neity was observed, this review did not explore potential
heterogeneity moderators. In addition, it only included stud-
ies published in English and did not cover Chinese studies.
In China, there are many studies to assess the risk of CHDs
associated with maternal DM. If these studies from China
could be included in the future meta-analysis, it will inevi-
tably increase the statistical power, which will help to find
a statistically significant difference for risk of CHDs, espe-
cially for specific phenotypes of CHDs.

Given the inconsistency of the original studies and the
limitations of the existing meta-analysis, we conducted an
up-to-date meta-analysis with the following objectives: (1)
to assess the overall risk of CHDs associated with maternal
DM (included PGDM and GDM); (2) to assess the risk of
specific CHD phenotypes associated with maternal DM; and
(3) to identify potential heterogeneity moderators by sub-
group and sensitivity analysis.

Materials and methods
Search strategy

We attempted to report this systematic review and meta-
analysis in accordance with the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-analy-
sis) guidelines [24]. PubMed, Embase, Medline, Google
Scholar, Cochrane Libraries, China National Knowledge
Infrastructure (CNKI), Wanfang Database, Chinese Sci-
entific Journals Fulltext Database (CQVIP) and China
Biology Medicine disc (CBMdisc)) were searched from
the inception dates to 15 December 2018, to identify
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case—control or cohort studies that assessed the associa-
tion between maternal DM and risk of CHDs in offspring.
The following search terms were used: (1) congenital heart
disease, congenital heart defect, congenital heart malfor-
mation, congenital heart anomalies, congenital cardiac
disease, congenital cardiac defect, congenital cardiac
malformation, congenital cardiac anomalies, congeni-
tal cardiovascular disease, cardiovascular malformation,
cardiovascular defect, cardiovascular anomalies, birth
defect, congenital malformation, congenital anomalies and
congenital defect; (2) diabetes mellitus, DM, glycuresis,
diabetes, sugar diabetes, pregestational diabetes mellitus,
gestational diabetes mellitus, chronic disease, metabolic
disease, and maternal disease; and (3) prospective stud-
ies, follow-up studies, cohort studies, longitudinal studies,
and case—control studies. No restrictions were imposed.
An artificial search of the reference lists in the related
articles and recent reviews were also conducted as a sup-
plement. The conference abstracts and grey studies were
not included. We did not contact the authors of the original
studies for additional information.

Exposures and outcomes

The exposure of interest was maternal DM, and it was
further divided into PGDM and GDM. The outcome
of interest was CHDs that were identified as structural
problems arising from malformations in the heart or
major blood vessels. Additionally, CHDs were further
divided into typical phenotypes according to the World
Health Organization International Classification of Dis-
ease (ICD-10) as below: heterotaxia; atrioventricular
canal defects (AVCD); patent ductus arteriosus (PDA);
conotruncal defects [including truncus arteriosus (TA),
transposition of great arteries (TGA), tetralogy of Fallot
(TOF) and double outlet of the right ventricle (DORV)];
atrioventricular septal defect (AVSD); anomalous pulmo-
nary venous return (APVR); left ventricular outflow tract
obstruction (LVOTO) [‘including coarctation of aorta
(CoA), valvular aortic stenosis (VAS) and hypoplastic left
heart syndrome, (HLHS)]; right ventricular outflow tract
obstruction (RVOTO) [including pulmonary valve stenosis
(PVS), pulmonary artery stenosis (PAS), Ebstein malfor-
mation and tricuspid valve stenosis (TVS)]; septal defects
(including ventricular septal defect [VSD], atrial septal
defect [ASD], VSD + ASD and valve defects) and single
ventricle. Since variations in the definition of exposures
and outcomes exist in different countries and cultures, it
is extremely difficult to define uniform standards in the
present study. Some literatures did not always define expo-
sures and outcomes, and in such cases, we relied on the
exposure or outcome terminology in the original articles.
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Eligibility criteria

We first performed an initial screening of titles or abstracts.
We conducted a second screening based on a full-text review.
Studies were eligible if they met the following criteria: (1)
studies were published in English or Chinese language; (2)
studies were case—control or cohort studies; (3) the exposure
of interest was maternal DM; (4) the outcome of interest was
CHDs; and (5) odds ratios (ORs) or relative risks (RRs) and
their corresponding 95% confidence intervals (CIs) (or data
to calculate them) were available. If the same population was
studied in more than one study, we included the study with
the longest follow-up time or the most information.

Data extraction

Data extraction was performed using a standardized data col-
lection form. We extracted any reported RRs or ORs for risk
of CHDs in offspring exposed to maternal DM compared
with non-maternal DM. We also extracted the research char-
acteristics of each record. Data were recorded as follows:
first author’s name; publication time; geographic region;
sample source (population vs hospital-based studies); study
design (case—control vs cohort studies); the phenotype of
maternal DM (including PGDM and GDM); the phenotype
of CHDs (including total and specific CHDs); total sample
size; number of CHD cases; whether the confounding factors
were adjusted (adjusted vs unadjusted); and quality score.

Quality assessment

Two authors (LTC and JBQ) independently conducted the
study selection, data extraction, and quality assessment. Any
differences were resolved by discussion or a third author
to get into consensus. The Newcastle—Ottawa Scale (http://
www.ohri.ca/programs/clinicalepidemiology/oxford.asp)
was used to assess the quality of included studies. Using
the tool, each study is judged on 8 items, categorized into 3
groups: the selection of the study groups; the comparability
of the groups; and the ascertainment of outcome of inter-
est for cohort studies. Stars awarded for each quality item
serve as a quick visual assessment. Stars are awarded such
that the highest quality studies can be awarded as many as 9
stars. If a study wins > 7 stars, it will be considered of higher
methodologic quality.

Statistical analysis

In the present study, we used OR as a common measure
of association between maternal DM and risk of CHDs
in offspring. The combined ORs and their corresponding
95% ClIs were pooled using either fixed effect models or in
the presence of heterogeneity using random effect models.

Statistical homogeneity between studies was assessed using
the Q statistic and /? statistic (significance level at P <0.10).

Subgroup analysis was performed based on whether the
confounding factors were adjusted, geographic region, sam-
ple source, and study design, to identify potential heteroge-
neity moderators. In addition, sensitivity analyses were con-
ducted to explore possible interpretations of heterogeneity
and to examine the influence of various exclusion criteria on
overall risk estimates. We also investigated the influence of a
single study on the overall risk estimate by omitting 1 study
in each turn. Potential publication bias was assessed using
funnel plots and Begg’s rank correlation test (significance
level at P <0.10). Subgroup analysis, sensitivity analysis and
assessment of publication bias were considered only for the
association between maternal DM and total CHDs due to
the limited studies.

Sensitivity analysis and Begg’s rank correlation test were
performed using Stata version 12.0 (StataCorp LP, College
Station, TX). Other analyses were performed using Review
Manager version 5.0 (The Nordic Cochrane Centre, The
Cochrane Collaboration). Statistical tests were declared sig-
nificant for a two-sided P value not exceeding 0.05, except
where otherwise specified.

Results
Search results

We totally searched 3871 potentially eligible studies from
English and Chinese databases. Of these, 3585 studies due to
duplicates, reviews, letters, or unrelated to our analysis were
excluded after the first screening on titles and/or abstracts.
After a full-text review of 286 studies, 52 studies [12-20,
23, 25-66] including 36 case—control and 16 cohort stud-
ies met the inclusion criteria (Fig. 1). The main reasons for
not including the studies were: (1) the outcome of inter-
est was not CHDs (n=89); (2) the exposure of interest was
not maternal DM (n=107); (3) lack of appropriate control
groups (n=26); and (4) data could not be extracted or cal-
culated (n=12).

Study characteristics

The characteristics of included studies, which involved
259,917 CHDs patients among 16,929,835 participants, and
were published between 1975 and 2018, were summarized
in Table 1. These studies came from four continents: 22
(42.3%) in North America, 18 (34.6%) in Asia, 11 (21.1%)
in Europe, and only 1 (2.0%) in Oceania. Among the CHD
patients, 78.0%, 17.9%, 3.1% and 1.0% of patients were
distributed in North America, Europe, Asia, and Oceania,
respectively. Among the total participants, 63.7%, 24.9%,
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Fig. 1 PRISMA statement flow
diagram
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From: Moher D, Liberati A, Tetzlaff J, Aitman DG, The PRISMA Group (2009). Preferred Reporting /tems for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): €1000097. doi:10.1371/journal.pmed1000097

For more information, visit www.prisma-statement.org.

9.7% and 1.7% of them were distributed in North America,
Europe, Asia, and Oceania, respectively.

The sample source varied across studies, with more than
half (65.4%) based on population. Forty-six (88.5%) studies
were considered of higher methodological quality, achieving
a quality score of >7 out of 9; these 46 studies contributed
99.98% of the participants. Twenty-seven studies (51.9%)
did not adjust any factors when estimating the effect of
maternal DM on CHDs in offspring, whereas other studies
adjusted for a wide range of potential confounders for poor
outcomes.

Maternal DM and risk of CHDs

Overall, mothers who had DM compared with those with-
out DM experienced a significantly increased risk of CHDs
in offspring (OR=2.71, 95% CI 2.28-3.23; P <0.00001)
(Fig. 2). However, substantial heterogeneity was observed
across studies (7 =98.0%; P <0.00001).

@ Springer

When maternal DM was further divided into PGDM and
GDM, we found that both mothers with PGDM (OR =3.18,
95% CI 2.77-3.65; P <0.00001) (Fig. 3) and mothers with
GDM (OR=1.98, 95% CI 1.66-2.36; P <0.00001) (Fig. 4)
had a significantly higher risk of CHDs in offspring. Of
note, the risk of PGDM on CHDs was significantly higher
than GDM. Yet, there was substantial heterogeneity across
studies (7*=79% and P <0.00001 for PGDM; I?’=90% and
P <0.00001 for GDM).

Maternal DM and risk of specific subtypes of CHDs

Overall, maternal DM was significantly associated with the
risk of most subtypes of CHDs such as heterotaxia, AVCD,
PDA, conotruncal defects, TA, TGA, TOF, DORYV, AVSD,
APVR, LVOTO, CoA, VAS, HLHS, RVOTO, PAS, TVS,
Septal defects, VSD, ASD, VSD + ASD, valve defects and
single ventricle (Fig. 5). Of these, DORV (OR =10.89; 95%
CI8.77-13.53), AVSD (OR =5.74; 95% CI 3.20-10.27), TA
(OR=5.06;95% CI 2.65-9.65), heterotaxia (OR=4.29; 95%



1495

Archives of Gynecology and Obstetrics (2019) 300:1491-1506

9 pasnipeun Sy 081 dHD Wao [0UOI—3SED PAISIN uone[ndod BUIYD [2¥] 800T/HI nm
L pasnlpy 00T 009 dHD Wanbd [0NU0d—ose)) [edsoq BUIYD [1¥] 800T/dX SUIN
8 pasnlpy LL £961 SHTH JNAD/INADd [0TUOI—3SED PAISIN uonendod  eOLLWY [0%7] 9002/S Tyony
8 pasnlpy Iv¥'C 90T°€8C VOL ‘dHD NAD ‘NAODd 110102 2An3dso1d uonendod erensny [€1] S00Z/dd 2dreys
L pasnlpy 6LY'Y 0€9°Ch dHD Nasd [01UOd—ose]) uonemdod  eoLBWY [6€] S00T/TD UeS[IN
[8¢€] so0T/ TN

L pasnipeun €18 €vL9 dHO NAD [0nu0o-ase) [endsoy  ystuedg SeLI{-ZOUNIeA
L pasnlpy 74 gaoy dHO INADd [01U0d—09sED) [endsoq  eoLOWY [L€] ¥00T/ST Yonex
L pasnipeup) 609 819C61 dHO INADd 110103 2Anads01d uone[ndod N [9€] €00T/D taIM
L pasnipeup) 11¢ 616°Ci1 dHD INAD ‘INaond 11002 2ANads0Iq [endsoq  eoLowy [0Z] 200T/SI PIPYRUS

dsyV ‘dsA

‘OLOAY ‘OLOAT
L pasnlpeup) 08Tl 818% ‘dSAV ‘VOL ‘dHD INADd [onRuods—ese) [eadsoy  eouewy  [G¢] 100T/VO OPRIFOT
8 pasnlpy 09 166°CC dHO INAD ‘NADd 110409 9A1dds01g [e3dso  eoLowy [LT]1 0002/ TT 21004
L pasnlpy 11671 S0l dHO NAD ‘NADd [013U05—-0sED) uonemndod  eoLLWY [€]1 9661/vd uessuer
L pasnlpeun 43 1€6€ dHOD INADd [013U05—-0sED) uonendod  edLLWY L€l v661/1N Amoyy]

[zel v661/ TN

L pasnipeun 9L 6SL°81 dHO INaDI [013U0d—0sED) [edsoq uredg SELL]-Zauf).Ie]A
8 pasnlpy el 7L6€ VL ‘dSV+dSA ‘dHD INAODd [013U0d—-0sED) uonendod  uepamg [1€] 2661/d 1epeid

S109JOp QA[RA

‘dSV ‘dSA ‘Svd

V0D A0L ‘VOL

‘VL ‘vdd ‘s109)op
L pasnlpy 1701 120y [eounnouo) ‘qHO Wand [01UOd—oseD) uonendod  eOLLWY [0€] 1661/u0syOLg
L pasnlpy VN VN dHD INAD ‘INAD/NADI [01UOd—oseD) uonendod  eOLLWY [62] 0661/d[ v11909g

asyv

‘dSA ‘uorneuLiojyewr

ura1sqy ‘SAd ‘Svd

‘SHTH ‘SVA V0D

‘AJOd ‘A0L ‘VOL ‘Nan

8 pasnfpeup) 6SC'C 090§ VL ‘exeloldloH ‘QHD  ‘NADd ‘NAD/INADI [01JUOd—oseD) uonendod  eoLROWY [82]1 0661/D ZoudIoq
9 pasnlpeun €8 €8¢ S109JOp [BOUNIIOUOD) NAand [onu0o—ase) uvonendod eouowy  [£7] 6861/ININ SWEPY
L pasnfpeup) (44 9¢Cl dHD JACEI! 11040 2A10ds01g uopendod  eouRWY  [97] L861/Y 10BN
L pasnfpeup) VN SL6'LY dHd Wand 110402 2A1ds01g uopendod  eoLOWY [s2] SL61/SD Suny)
189K
4SON parsnlpeunypaisnlpy  szequnu qgD  Syuedonied sadKjouoyd QD ad£y sareqer(q udisop Apmi§  ,eomos o[dwreg  Anuno)  uoneosrqnd/ioyine IS

SOIPN}S POPN[OUT G JO SONSLIAJORIEYD) | d|qel

pringer

A's



Archives of Gynecology and Obstetrics (2019) 300:1491-1506

1496

L pasnlpy 87T 789 aHo JNAD/INADd [0Nu0d—asE) [endsoy  eurg) [LS]910T/ZA onD
asv
L paisnlpy 6L LI6CTT  ‘ASA ‘JOL ‘VOL ‘dHD NADd 1oyo) uonendod Areap (9G] #10T/IN edUIA
L paisnlpeun 88¢'1 SI8'ITI dHO (ets) 1oyo) uonendoq  eoLPWY [sslv10T/1 g
Q[OLIIUAA J[3UIS ‘ASV
‘dSA ‘SAL ‘SAd ‘Svd
‘OLOAY ‘SHTH ‘SVA
‘VOD ‘OLOAT ‘'VOL
‘VAd ‘$199)9p 80
8 pasnipeun 795°¢ €IL Ty -unnouo) ‘ADAV ‘AHD Nabd [01U0-9sE) uonendog  AreSuny  [4S] +107/V Lodzoarop
L passnlpy 6€1 8LT aHo JNAD/NADd [onuoo-ase)) [endsoy  euly) [€S] #102/IN onD
SHTH (¢S] ¥10T/N
L pasnlpy 70¢€ ILL ‘SVA V0D ‘OLOAT NAD ‘WAdd [onu0d—0se) uone[ndod  AreSuny ysokunzg-£yes)
dSV ‘dSA ‘0LOAY
‘OIOAT ‘ASAY
¢$109J9P [BOUNIOU0))
8 pasnlpy 00T°€T  8€8'8LTT “BIXEI0I09H ‘QHD NADd 11040) uonemndod  epeue) [S1] €102/TS N1
L paisnfpeury €97 11 €ELIST dHO Nan [0nU0o-0sE) uonemndod  eowowry  [16] €107/ TN Uespey
L paisnlpy €0C 609 dHO Nan [onu0o-ase) [endsoy  eury) [0s] €10T/rX Sueyz
9 paisnfpeup) €91 9z¢ dHO (ets] [onuodo-ose) [endsoy  eury) [6v] €10T/d A
J[OLIIUIA
9[SUIS ‘ASV ‘ASA
‘SAd ‘SHTH ‘V0D
“AAdV ‘ASAV A0L
8 paisnfpeupn €96'C 671101 ‘VOL ‘dDAV ‘dHD Nand 110409 9A122ds0noy uone[ndog 3N [8¥] T102/d TI°d
L pasnlpeun 1SS 8£8°SL9‘E dDAV NAD ‘WADd [onuoo-ase) uonendog eotewry L] 107/(V uerdosy
9 pasnlpy 913 0£9 dHd Naon [01U0d—3sED) [endsoy  eurg) [ot] TroT/TTUeYD
L paisnfpeun §TsT 0965 dHd Nao [onu0d—ose) uonendod  edLOWY  [GH] [T0T/[D UOSIAATY
L pasnipeun 0€g’e 196°0S€ dSA ‘Vad ‘aHD INaOd 110105 2A122ds01] uonemdoq  KemIoN [+1] 0102/1 Wwoprg
L pasnipeun 991 L9€ aHo JNAD/INADd [0NU0d—3sED) [endsoy  eurg) [¥¥] 0107/ 1D onD
11040d
L paisnfpeun 79¢ 19%°1S dHO NAD ‘WADd -nnu aanoadsonay uonendod  epeue) [81] 600T/d oM
L paisnlpy 002 009 dHo NADd [onuoo-ase) [endsoy  euIy) [ev] 600T/AX Suex
dsv+dsA
‘dSV ‘dSA ‘SAd
‘OLOAY ‘SHTH
‘SVA V0D ‘OLOAT
“YAdV ‘dO0L ‘VOL
8 pasnlpy 615°€ 808 “eIXeI0I010H ‘qQHD NAO ‘Wadd [011U02-9sE) uonendod  eoLIRWY [61] 800T/V Ba110D
189K
oSON  pasnfpeun/pasnlpy  sioqunu qHD  siuedronred sadKyouoyd QD ad£y sareqer(q ugisop Apm§  ,eomos o[dwreg  Anuno)  uoneorqnd/ioyine 31

(ponunuoo) | sjqey

pringer

fH's



1497

Archives of Gynecology and Obstetrics (2019) 300:1491-1506

Areredas INGD pue INADd YIm sQHD ut sdiysuonelar 10j eyep oy apiaoid jou pip sroded asay],,

L> 31008 yyim Ajrrenb mo ¢/ < $a100s yaim sarpms Ayienb 10y {6 JO N0 AI00S B PAUTISSE Sem Apris Yord

ordwes paseq-[endsoy snsioa uonendod,

9[qQE[TRAR JOU YN ‘SISOUS]S JATEA PIASNOLI} §A 7 *S109JOp [URD JB[NOLIUSAOLIE (JOAY ‘UINIAI snoudA Areuowrynd SNO[EWIOUR YA JV ‘WOTIONISQO J0BIT) MOINO JB[NOIIUSA JYSTI
O.LOAY ‘UOTONISQO 1081} MOINO JR[NOLNUAA 1JO] OLOAT 109Jop [erdes Je[nornuarorne (gAY ‘snsorolre smonp judted ygd 1095op [e3dos [erne Sy 109Jop [e3dos Je[noLuaA (FSA ‘SISOUd)s
aArea Areuownd §A4 ‘sisoud)s A1oyre Areuownd Syg ‘OworpuAs 1reay 1Jof onsejdodAy SHTH ‘SISOUL)S O11IOE J[NAJEA SYA ‘B}IOR JO UONEIDIB0D Y0 ‘[OLNUIA JYSLI ) JO 1IN0 J[qnop AYOd
9o[req Jo AS01ena) O ‘so11alIe 1ea1s Jo uonisodsuel) YO ‘SNSOLISYIE SNOUNT) V7 ‘SMI[OW SJoqeIp [euonelsaS o ‘smieuwr sajaqerp [euoneisaSard jygod ‘s109§op 1eay [euasuod gH)

[99]
8 paisnlpy TYTLL  €TETIIL dHoO NAOd Hoyop uonendod  uopomg 810T/A[ UOSSSIApNT
[<9]
L pasnlpeury 6¢ (444 dHoO JANAD/INADd [0nUOo—esey Terdsoq uely 810C/IN erupuew(ry
[+9]
L pajsnlpeun IC 0L daHd LJNAD/INADd [01uOS—ose]y Terdsoq uelf L10T/d uSeqserreqyy
J[OLIUAA
9[3UIS ‘dSV ‘dSA
‘SA.L ‘uoneuriojfew
UIISqH ‘SdA ‘OLOAY
‘SH'TH ‘SVA ‘'VOO
‘OLOAT “UAdV
8 pasnlpy 698°8YT  968°L0T'F ‘AOL VL ‘DAY ‘AHD JNAD/INADd [0nu0o-ase) uonendoq  eoLOWY [€z] L10T/L1 Sueoyq
9 paisnfpeun 0s 0sT dHo Wad [01u0>—ase]) [endsoy BUIgD [€9] L10T/A 11
L pasn(py (VY4 00¢ dHo JANAD/INADd [onuod—asen uone[ndog BUID [29] L10T/f WauD
L passnlpeun ST 00091 dHD Nao 010D uonendog  eury) [19] L10T/H Sueyz
L paisnfpeup G991 ¥6L°C09°T daHo NAD ‘WAD/WADd Hoyop uone[ndog BUD [9119102/1A ureL
asv
L paisnlpy 9¢8¢ 068L ‘dSA ‘SVd ‘dOL ‘AHD Nad [0nuo>—ese uonendod BUIYD [09]1 910Z/OA nO
$109J9p
SATBA ‘dSV +dSA
‘dSV ‘dSA $10959p
[e1dag ‘SAd ‘010AY
‘SVA V0D ‘OLOAT
“IAdV ‘dSAV ‘AIOd
‘dOL ‘VOL ‘VL
¢$109Jp [BOUNIIOUO))
8 pasnlpy STE9T  LTL'STOT ‘BIXLI0ISRH ‘AHD NAD ‘WADd Hoyop uonemdoq yrewua( (11 9102/N Uk
9 paisnfpeun 0s 00T dHo Wad [01U0>—9se]) [endsoy BUIYD [6S19107/4( UBX
L passnlpy 09¢ 09¢ dHo NAD ‘NAD/INAD [0NU0S—98B) [endsoy BUIYD [8S19107/1 11
IeoK
oSON  pasnfpeun/pasnlpy  sioqunu qHD  siuedronred sadKyouoyd QD ad£y sareqer(q ugisop Apm§  ,eomos o[dwreg  Anuno)  uoneorqnd/ioyine 31

(ponunuoo) | sjqey

pringer

A's



1498

Archives of Gynecology and Obstetrics (2019) 300:1491-1506

Odds Ratio
SE Weight [V, Random, 95% Cl _Year

Study or Subgroup log[Odds Ratio]

Odds Ratio

IV, Random, 95% Cl

Chung CS 1975 1.7228 02698 21%
Mccarter RJ 1987 0.4886 0.2596 2.1%
Adams MM 1988 1.7138 04862 1.4%
Becerra JE 1990 0.5878 0.511 1.4%
Ferencz C 1990 0.5306 0.1369  2.4%
Erickson 1991 1.0852 0.2467 2.1%
Pradat P 1892 0.9821 03191 1.9%
Martinez-Frias ML 1994 1.1938 0.2824  2.0%
Khoury MJ 1994 11282 02675 21%

Janssen PA 1996 11119 02277 2.2%
Moore LL 2000 -0.6538 0.8366 0.8%
Lofifredo CA 2001 15476 0265 21%
Sheffield JS 2002 1.3584 03589 1.8%
Wren C 2003 1.6094 022689 2.2%

Yauck JS 2004 1.411 05127  1.4%
Sharpe PB 2005 0.4886 0.0967 2.5%
Nielsen GL 2005 1.2238 0.2636 2.1%
Martinez-Frias ML 2005 0.5008 0.1628 2.3%
Kuehl KS 2006 1.9095 06594 1.1%

Wu JH 2008 1.8703 0.8841 0.7%
Correa A 2008 0.6575 01026 2.5%
Ning XF 2008 0.4574 02638 2.1%
Peticca P 2009 0.0862 0.2558 2.1%
Yang XY 2009 0.4574 0171 2.3%
Guo GL 2010 1.7817 04356 1.6%
Eidem 2010 1.2528 01504  2.4%
Alverson CJ 2011 0.3293 0.1347  2.4%
BellR 2012 1.2782 01503  2.4%

0.9478 01512  2.4%
2.4874 1.2641
0.0198 0.005 2.5%
1.1053 1.6365 0.3%
0.3436 0.0417  2.5%
0.4121 04126 1.6%

Agopian AJ 2012
ChenLL 2012

Liu SL 2013

Wu P 2013

Madsen NL 2013
Csaky-Szunyogh M 2013

Zhang XJ 2013 15195 05018 1.4%
Vinceti M 2014 0.6575 0.2467 2.1%
Guo M 2014 1.9906 06908 1.0%
Brite J 2014 0.7514 01022 2.5%
Vereczkey A 2014 0.4947 01835 23%

YanJB 2016 1.477 01058  2.5%

LiJ2016 1.7334 03638 1.8%
@yen N 2016 1.0116 0.0545 2.5%
Guo YZ 2016 2.0399 04236 1.6%
OuYQ 2016 0.8671 0.2994  2.0%
Tain YL 2016 1.1817 01565 2.4%

Zhang H 2017
Akbariashagh P 2017

1.1506 01134  2.4%
1.2878 05638 1.3%

ChenJ 2017 1.9473 0.7381 0.9%
Liy2017 1.4996 01158  2.4%
Hoang TT 2017 0.6575 0.0258 2.5%

Ludvigsson JF 2018 116 0.087 25%
Arjmandnia M 2018 1.0187 03695 1.8%

Total (95% CI) 100.0%

Test for overall effect: Z=11.26 (P < 0.00001)
Fig.2 Forest plot for maternal DM and risk of CHDs

CI 2.09-8.78), and PDA (OR =4.22; 95% CI 2.79-6.40)
were identified as the first five of the most common subtypes
of CHDs associated with maternal DM.

Positive associations were also observed between PGDM
and risk of most subtypes of CHDs including heterotaxia,
AVCD, PDA, conotruncal defects, TA, TGA, TOF, DORV,
AVSD, APVR, LVOTO, CoA, VAS, HLHS, RVOTO, PAS,
Ebstein malformation, TVS, septal defects, VSD, ASD,
VSD + ASD, valve defects, and single ventricle (Fig. 6).
Of these, DORV (OR=11.51; 95% CI 9.24-14.32), TA
(OR=7.81; 95% CI 3.50-17.43), heterotaxia (OR =7.80;

@ Springer

5.60 [3.30,9.50] 1975
1.63(0.98,2.71] 1987
5.55(2.14,14.39] 1988
1.80 [0.66, 4.90] 1990 ]
1.70[1.30,2.22] 1990
2.96[1.83,4.80] 1991
2.67[1.43,4.99] 1992
3.30[1.90,5.74] 1994
3.09[1.83,5.22] 1994
3.04 [1.95,4.75] 1996
0.52[0.10, 2.68] 2000
4.70[2.80,7.90] 2001
3.89[1.93,7.86] 2002
5.00[3.20,7.80] 2003
4.10[1.50,11.20] 2004
1.63[1.35,1.97] 2005
3.40[2.03,5.70] 2005
1.65[1.20, 2.27] 2005
6.75[1.85, 24.58] 2006
6.49[1.15,36.71] 2008
1.93[1.58, 2.36] 2008
1.68 [0.94, 2.65] 2008
1.09 [0.66, 1.80] 2008 1
1.58[1.13,2.21] 2009
5.94 [2.53,13.95] 2010
3.50[2.61,4.70] 2010
1.39[1.07,1.81] 2011
3.59[2.67,4.82] 2012
2.58[1.92,3.47] 2012
0.4% 12.03[1.01,143.31] 2012
1.02[1.01,1.03] 2013
3.02[0.12,74.65] 2013
1.41[1.30,1.53] 2013
1.51[0.67,3.39] 2013 ]
4.57[1.71,12.22) 2013
1.93[1.19,3.13] 2014
7.32[1.89,28.35] 2014
212[1.74,2.59] 2014
1.64[1.14,2.35] 2014
4.38[3.56,5.39] 2016
5.66(2.77,11.55] 2016
2.75[2.47,3.06] 2016
7.69[3.35,17.64] 2016
2.38[1.32,4.28] 2016
3.26[2.40, 4.43] 2016
3.16 [2.53,3.95] 2017
3.63[1.20,10.95] 2017
7.01[1.65,29.78] 2017
4.48[3.57,5.62) 2017
1.93[1.83,2.03] 2017
3.19[2.69,3.78] 2018
2.77[1.34,5.71] 2018

2.71[2.28,3.23]
Heterogeneity: Tau®= 0.31; Chi*= 2240.82, df= 51 (P < 0.00001), I*= 98%

v

o{ﬂl u(“.l*H‘ *{ii“l' ||1|||\l|||1i l[

0.01 01 10 100
Favours [experimental] Favours [control]

95% CI 5.64-10.78), TVS (OR=7.61; 95% CI1 4.19-13.84),
Ebstein malformation (OR =6.28; 95% CI 1.06-37.21), and
AVCD (OR=6.12;95% CI 4.05-9.26) were identified as the
first six of the most common subtypes of CHDs associated
with PGDM.

Similarly, mothers with GDM were at a higher risk for
some subtypes of CHDs in their offspring such as AVCD,
TA, TOF, LVOTO, CoA, VAS, RVOTO, PAS, TVS, sep-
tal defects, VSD, ASD, VSD + ASD, and valve defects
(Fig. 7). Of these, TA (OR =2.38; 95% CI 1.07-5.26), CoA
(OR=2.08; 95% CI 1.70-2.54) and PAS (OR=1.89; 95%
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Odds Ratio Odds Ratio

Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% Cl _Year IV, Random, 95% CI

Chung CS 1975 1.7228 0.275 3.0% 5.60[3.27,9.60] 1975 -

Mccarter RJ 1987 0.4886 0.2594 3.2% 1.63(0.98,2.71] 1987 |

Adams MM 1989 1.7138 0.4857 1.5% 555(2.14,14.38] 1989

Ferencz C 1990 1141 03175 2.6% 3.13[1.68,5.83] 1980 -

Erickson 1991 1.0852 0.2467 3.3% 2.96 [1.83,4.80] 1991 -

PradatP 1992 0.6931 01712 4.3% 2.00(1.43,2.80]) 1992 -

Khoury MJ 1994 1.1282 0.2675 3.1% 3.09(1.83,5.22] 1994 -

Martinez-Frias ML 1994 11939 0.2844 2.9% 3.30[1.89,5.76] 1994 I

Janssen PA 1996 1.8245 0324 2.6% 6.20(3.29,11.70] 1996 -

Moore LL 2000 -1.1087 1.3868  0.2% 0.33[0.02,5.00] 2000

Lofiredo CA 2001 15476 0.265 3.1% 4.70(2.80, 7.90] 2001 -

Sheffield JS 2002 2133 0455 1.7% 8.44 (3.46, 20.59] 2002

Wren C 2003 1.6094 0.2269 3.6% 5.00(3.20,7.80] 2003 -

Yauck JS 2004 1.411 05127 1.4% 4.10[1.50,11.20] 2004

Sharpe PB 2005 1.0438 0.2069 3.8% 2.84 [1.89, 4.26] 2005 -

Nielsen GL 2005 1.2238 0.2636 3.2% 3.40[2.03,5.70) 2005 -

Correa A 2008 1.5347 0.2457  3.4% 4.64 [2.87,7.51] 2008 -

Ning XF 2008 0.4574 0.2596  3.2% 1.58 [0.95, 2.63] 2008 I

Peticca P 2009 0.2927 04112 1.9% 1.34 [0.60, 3.00] 2008 -1

Yang XY 2009 0.4574 0171 4.3% 1.58(1.13,2.21]) 2009 -

Eidem 12010 1.2528 0.1504 4.5% 3.50(2.61,4.70) 2010 -

Agopian AJ 2012 2.0707 0.2959 2.8% 7.93(4.44,1416] 2012 -

BellR 2012 1.2782 0.1492 4.6% 3.59(2.68,4.81]) 2012 -

LiuSL 2013 1.4725 0.0414 56% 4.36(4.02,4.73] 2013 -

Csaky-Szunyogh M 2013 0.3283 0.5531 1.2% 1.39(0.47,4.11] 2013 [ B

Vereczkey A 2014 0.4947 01835 4.1% 1.64 [1.14,2.35) 2014 -

Vinceti M 2014 0.6575 0.2467 3.3% 1.93([1.19,3.13] 2014 -

@yen N 2016 1.3863 0.0635 5.5% 4.00[3.53,4.53] 2016 e

Hoang TT 2017 11756 0.0636 5.5% 3.24 [2.86, 3.67) 2017 he

Akbariashagh P 2017 1.5755 0.6507 1.0% 4.83(1.35,17.30] 2017

Ludvigsson JF 2018 116 0087 53% 3.19(2.69,3.78] 2018 -

Total (95% Cl) 100.0% 3.18 [2.77, 3.65] ¢

i 2 - . - - R = : : : :
Heterogeneity: Tau®= 0.08; Chi*= 143.55, df= 30 (P < 0.00001); F=79% 0.01 01 10 100

Test for overall effect: Z=16.59 (P < 0.00001)

Fig. 3 Forest plot for PGDM and risk of CHDs

CI 1.17-3.05) were identified as the first three of the most
common subtypes of CHDs associated with GDM.

Subgroup analyses

Subgroup analyses were conducted to identify potential het-
erogeneity moderators for the association between maternal
DM and the risk of CHDs, and the results are summarized
in Table 2. After subgroup analyses, geographic region (test
for subgroup differences [TSD]: I =89.6%) and sample
source (TSD: P =69.9%) were identified as the first two of
the most relevant heterogeneity moderators for the associa-
tion between maternal DM and CHDs. These differences for
the risk of CHDs associated with maternal DM were sta-
tistically significant among geographic regions (> =28.74,
P <0.00001).

For the association between PGDM and CHDs, geo-
graphic region (TSD: I =79.9%), whether the confounding
factors were adjusted (TSD: P =31.2%) were identified as
the first two of the most relevant heterogeneity moderators.
There were statistically significant differences for the risk of

Favours [experimental] Favours [control]

CHDs associated with PGDM between different geographic
regions (y>=14.95, P <0.00001).

For the association between GDM and CHDs, geographic
region (TSD: > =96.6%), sample source (TSD: F =90.8%),
and whether the confounding factors were adjusted (TSD:
PP =81.2%) were identified as the first three of the most rel-
evant heterogeneity moderators. These differences for risk
of CHDs associated with GDM were statistically significant
across geographic regions (y>=87.90, P <0.00001), sample
sources (;(2 =10.83, P=0.001), and whether the confounding
factors were adjusted (* =5.32, P=0.02).

Heterogeneity, sensitivity analyses and publication
bias

Sensitivity analyses were conducted to explore possible
interpretations of heterogeneity in the relationships between
maternal DM and risks of CHDs in offspring and to exam-
ine the influence of various exclusion criteria on overall
risk assessment. Substantial heterogeneity was observed
in pooled estimates of confounding factors, geographic

@ Springer
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Odds Ratio Odds Ratio

Study or Subgroup log[Odds Ratio] SE Weight IV, Random, 95% Cl _Year IV, Random, 95% ClI

Ferencz C 1990 0.3646 0.1515 51% 1.44[1.07,1.94] 1990 —

Becerra JE 1990 0.6419 0.6506  1.4% 1.90[0.53, 6.80] 1990 ]

Janssen PA 1996 0.4055 0.2181 4.4% 1.50[0.98, 2.30] 1996 —

Moore LL 2000 -0.4005 1.0047 0.7% 0.67 [0.09, 4.80] 2000

Sheffield JS 2002 01044 05815 1.7% 1.11[0.36, 3.47] 2002 -1

Martinez-Frias ML 2005 0.5008 0.1628 5.0% 1.65[1.20,2.27] 2005 -

Sharpe PB 2005 0.3365 0.1139 5.5% 1.40[1.12,1.75] 2005 -

Correa A 2008 0.4637 0.1145 55% 1.59[1.27,1.99] 2008 -

Wu JH 2008 1.8703 0.8829 0.9% 6.49[1.15,36.63] 2008

Peticca P 2009 -0.0408 0.3264 3.3% 0.96 [0.51,1.82] 2009 -1

Alverson CJ 2011 0.3293 0.1335 53% 1.39[1.07,1.81] 2011 —

Agopian AJ 2012 0.4574 0.265 3.9% 1.58[0.94, 2.66] 2012 I

Chen LL 2012 24874 1.264 05% 12.03[1.01,143.28] 2012

Wu P 2013 11053 1.6373 0.3% 3.02[0.12,74.76] 2013

Zhang XJ 2013 15195 05015 21% 457 [1.71,12.21] 2013

Madsen NL 2013 0.3436 0.0417 6.0% 1.41[1.30,1.53] 2013 -

Cséky-Szunyogh M 2013 0.5008 06106 1.6% 1.65[0.50, 5.46) 2013 ]

Brite J 2014 0.7514 01037 5.6% 212[1.73,2.60] 2014 -

YanJB 2016 1.477 01053 5.6% 4.38[3.56,5.38] 2016 -

@yen N 2016 02776 0.093 57% 1.32[1.10,1.58] 2016 -

Tain YL 2016 0.9555 01805 4.7% 2.60[1.79,3.78] 2016 -

ouYQ 2016 0.8671 0.3008 3.6% 2.38[1.32,4.29] 2016 I

LiJ 2016 1.4134 0.3431 3.2% 411[2.10,8.05) 2016 -

Hoang TT 2017 0.3988 0.0354 6.0% 1.49[1.39,1.60] 2017 -

Zhang H 2017 1.1506 01143 55% 3.16[2.53,3.95) 2017 -

Akbariashagh P 2017 0.9694 0.6773 1.4% 2.64[0.70,9.94] 2017 ]

LiY 2017 1.5001 0.1158 5.5% 4.48[3.57,5.62] 2017 -

Total (95% ClI) 100.0% 1.98 [1.66, 2.36] ]

i 2 — . 1= = - R - =~ Jf Jr JI
Heterogeneity: Tau®= 0.13; Chi*= 259.24, df= 26 (P < 0.00001); I*= 90% 0.01 01 1 10 100

Test for overall effect. Z= 7.64 (P < 0.00001)

Fig.4 Forest plot for GDM and risk of CHDs

region, sample sources and study design for the associations
between maternal DM and risk of total CHDs (/ range from
68 to 98%; P <0.00001) (Table 2). Furthermore, exclusion
of any single study did not materially change the overall risk
estimates, which proved that the results were reliable. The
funnel plot did not show any substantial asymmetry. Besides,
Begg’s rank correlation test also indicated little evidence
of publication bias (P =0.103 for maternal DM, 0.792 for
PGDM, and 0.152 for GDM).

Discussion

To the best of our knowledge, this review is the most com-
prehensively updated meta-analysis that quantifies the risks
of CHDs and the phenotype of more than 20 specific CHDs
in maternal DM patients. We evaluated the risk of CHDs
and its phenotypes associated with maternal DM using data
from 52 case—control and cohort studies, which met eligibil-
ity criteria and involved 259,917 CHDs patients in a total of
16,929,835 participants, with sufficient statistical power. In
this study, the sample sizes were more than 2000 among 62%
of the studies; more than three-quarters (88.5%) of the stud-
ies were considered to have higher methodological quality,

@ Springer
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which contributed 99.98% of the participants. Potential het-
erogeneity moderators could be identified by subgroup and
sensitivity analysis.

Previous studies, such as the large-sample size cohort
studies from developed countries, indicated that mater-
nal DM was associated with CHDs in offspring [12-16].
However, the magnitude of the associations varied (ranging
from 0.52 to 12.03) across studies, and there was insuffi-
cient evidence for the CHD phenotypes. This review and
meta-analysis brought about three major findings. First, we
found that all types of DM including any DM, PGDM and
GDM were significantly associated with risk of CHDs in
offspring. Second, all types of DM were almost significantly
associated with most phenotypes of CHDs. Third, there were
geographic differences for risk of CHDs associated with
maternal DM.

It was worth noting that the risk of CHDs in offspring
seems to be significantly higher among mothers with PGDM
(OR =3.18) than those with GDM (OR =1.98). A common
view was that the mechanisms of maternal DM on CHDs
in offspring were quite different between PGDM and GDM
women. It was well known that the critical stage of fetal
heart development was 3—7 weeks of gestation [67]. Pre-
pregnancy diabetic may lead to hyperglycemia conditions in
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Fig.5 Maternal DM and risk of Subtypes (Number of included studies) OR, 95%CI

specific subtypes of CHDs
Heterotaxia (6) —_—— 4.29 (2.09, 8.78)
AVCD (3) - 2.48 (2.06, 2.99)
PDA (3) —— 4.22 (2.79, 6.40)
Conotruncal Defects (6) —— 3.81 (2.62, 5.55)
TA (5) —_— 5.06 (2.65, 9.65)
TGA (12) - 2.58 (1.99, 3.36)
TOF (9) —— 2.88 (1.87, 4.44)
DORYV (2) —e—— 10.89 (8.77, 13.53)
AVSD (5) —_— 5.74 (3.20, 10.27)
APVR (5) —_—— 2.75 (1.30, 5.85)
LVOTO (10) —— 2.78 (1.92, 4.02)
CoA (9) - 2.33 (2.00, 2.70)
VAS (7) -~ 2.46 (1.96, 3.09)
HLHS (8) - 1.80 (1.40, 2.30)
RVOT (8) —— 2.78 (1.77,4.38)
PVS (4) —-— 1.65 (0.96, 2.85)
PAS (8) - 2.59 (1.93, 3.47)
Ebstein malformation (1) —— 1.75 (0.86, 3.57)
TVS (2) - 2.44 (1.77,3.37)
Septal defects (3) —— 3.08 (2.23, 4.24)
VSD (16) - 2.43 (1.90, 3.11)
ASD (14) --— 2.70 (1.99, 3.68)
VSD+ASD (6) —— 2.97 (2.01, 4.39)
Valve defects (5) - 2.51 (2.16, 2.92)
Single ventricle (3) —— 3.46 (2.63, 4.56)

t
0 15

the uterine environment at this stage, which may change the
key molecular pathways during cardiac development, result-
ing in abnormal embryonic heart development [8, 23]. How-
ever, GDM is usually diagnosed between 24 and 28 weeks of
gestation, which has missed the critical stage of embryonic
heart development [68]. Therefore, there was a possibility
that women with PGDM were at a higher risk of developing
CHD:s in offspring than those with GDM.

Compared with previous studies on this topic, we com-
prehensively evaluated the association between different
types of diabetes and various subtypes of congenital heart
malformations. Findings from the present study suggested
that maternal DM, especially for PGDM, were significantly
associated with most of phenotypes of CHDs. The number
of specific CHD phenotypes with statistically significant
differences was more found among women with PGDM
than women with GDM. Typically, TA (OR=7.81), AVCD
(OR=6.12) and TOF (OR =4.25) were identified as the top
three of the most common phenotypes of CHDs associated
with PGDM, which was consistent with the results of the
meta-analysis performed by Hoang et al. [23] (OR=14.49
for TA, 5.78 for AVCD, and 4.14 for TOF). Of note, our
study indicated that there was a strong association between
PGDM and outflow tract defects. The formation and

remodeling of the mature outflow tract (OFT) was estab-
lished by cardiac neural crest cell (CNCC) [69]. An animal
study from Morgan [70] found that CNCC migrated more in
diabetic mouse embryos compared with non-diabetic mice,
which may bring about an increase of cell apoptosis and
outflow tract defects.

Subgroup analysis was used to explore heterogeneity
sources of included studies. Our subgroup analysis indicated
that geographic region was the most relevant heterogeneity
source. However, the results of all subgroup analyses did not
substantially change our conclusions. Previous studies [2]
have shown that there were significant regional differences
in the birth prevalence of CHDs, the highest reported in
Asia (9.3 per 1000 live births), and the prevalence reported
in Europe and North America are moderate (8.2 and 6.9
per 1000 live births, respectively). The differences might be
due to differences in the healthcare system, socio-economic,
ethnic and environmental. In particular, most of the included
studies from Asia were based primarily on retrospective
case—control studies, which may be biased by the quality
and intensity of the evidence due to recall bias and selection
bias. In addition, our meta-analysis only included one study
from Oceania, and did not provide sufficient statistical power
to develop accurate effect estimates in this area. Therefore,

@ Springer
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Fig.6 PGDM and risk of spe-

Subtypes (Number of included studies)

OR. 95%CI

cific subtypes of CHDs
Heterotaxia (5) —— 7.80 (5.64, 10.78)
AVCD (3) —— 6.12 (4.05, 9.26)
PDA (3) -~ 4.22 (2.79, 6.40)
Conotruncal Defects (6) - 3.81 (2.62, 5.55)
TA (5) —_—— 7.81 (3.50, 17.43)
TGA (9) - 3.67 (2.63, 5.12)
TOF (7) - 4.25 (3.02, 5.99)
DORYV (2) —— 11.51 (9.24, 14.32)
AVSD (5) —— 5.74 (3.20, 10.27)
APVR (4) -~ 3.94 (2.45, 6.34)
LVOTO (8) - 3.93 (3.11, 4.98)
CoA (7) - 3.66 (2.60, 5.16)
VAS (5) -~ 4.04 (2.60, 6.30)
HLHS (5) -~ 3.49 (1.90, 6.42)
RVOT (7) . 4.01 (3.65, 4.39)
PVS (3) -~ 1.75 (0.75, 4.10)
PAS (7) -*- 3.75 (2.88, 4.89)
Ebstein malformation (1) * 6.28 (1.06, 37.21)
TVS (2) —— 7.61(4.19, 13.84)
Septal defects (3) . 3.63 (3.28, 4.02)
VSD (13) - 3.07 (2.52, 3.75)
ASD (11) - 3.23 (2.49, 4.19)
VSD+ASD (5) . 3.31 (2.85, 3.85)
Valve defects (5) * 3.96 (3.25, 4.83)
Single ventricle (3) —— 4.28 (2.08, 8.83)
L]
0 30

more large sample, prospective cohort studies should be car-
ried out to obtain higher quality results.

This study still had some limitations. First of all, due
to language restrictions, we could only search English and
Chinese databases. As a result, other studies published in
other foreign languages were accidentally eliminated. Addi-
tionally, the included studies in the present review, mainly
from North America, Asia, and Europe, did not represent the
entire world. Therefore, additional research in other popula-
tions is warranted to generalize the findings. Second, CHDs
were classified as more than 20 typical phenotypes, but not
all included studies fully analyzed the associations with
maternal DM types and typical CHD phenotypes. There-
fore, some specific CHD phenotypes only relied on few
total studies, which indicated that more studies should be
included in future reviews, to provide further support for our
results, especially for specific phenotypes. Third, residual
confounding is of concern. Uncontrolled or unmeasured risk
factors potentially produce biases. In the present review, 27
studies (51.9%) did not control any factors when estimating
the effect of maternal DM on CHDs, whereas other studies
adjusted and/or matched for a wide range of potential con-
founders for poor outcomes. Although restricting analysis

@ Springer

to studies that have controlled confounding factors did not
materially alter the combined risk estimate, we still cannot
rule out the possibility that residual confounding could affect
the results, because these factors that have been controlled
do not explain all of the risk of CHDs. Fourth, in the pre-
sent study, because variations in the definition of exposures
and outcomes exist in different countries and cultures, it is
extremely difficult to define uniform standards. Addition-
ally, some literatures did not always define exposures and
outcomes, and in such cases, we have to rely on the exposure
or outcome terminology in the original articles. In fact, this
problem mentioned above could not be solved at present,
which may lead to false classification bias. Fifth, although
we assessed the influence of different types of DM on CHDs,
it is difficult for us to estimate the effect of type 1 diabetes
and type 2 diabetes because most included study did not
state the type of PGDM. Last but not least, there was sub-
stantial heterogeneity among studies for association between
maternal DM and risk of CHDs. However, we can detect the
major source of heterogeneity by the subgroup analysis and
the sensitivity analysis. The sensitivity analysis that omitted
one study at a time and calculated the combined OR for the
remaining studies yielded similar results. After subgroup
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Fig.7 GDM and risk of specific

Subtypes (Number of included studies)

OR. 95%CI

subtypes of CHDs
Heterotaxia (2) —— 0.72 (0.17, 3.00)
AVCD (2) - 1.55 (1.13, 2.14)
PDA (1) . 2.62 (0.92, 7.46)
TA (2) —_—— 2.38 (1.07, 5.26)
TGA (4) —— 1.44 (0.94, 2.21)
TOF (4) -~ 1.50 (1.11, 2.03)
DORYV (1) * 2.26 (0.53, 9.64)
APVR (2) * 1.12 (0.18, 7.08)
LVOT (3) - 1.81 (1.50, 2.18)
CoA (4) - 2.08 (1.70, 2.54)
VAS (5) —— 1.78 (1.26, 2.51)
HLHS (4) —-— 1.31 (0.89, 1.92)
RVOT (2) - 1.36 (1.14, 1.63)
PVS (2) — 1.58 (0.78, 3.19)
PAS (4) —— 1.89 (1.17, 3.05)
Ebstein malformation (2) —— 1.51 (0.82, 2.79)
TVA (1) —— 1.97 (1.38, 2.81)
Septal defects (2) - 1.57 (1.16, 2.13)
V8D (5) . 1.34 (1.21, 1.47)
ASD (5) —— 1.86 (1.29, 2.69)
VSD+ASD (3) . 1.37 (1.24, 1.50)
Valve defects (3) -~ 1.87 (1.50, 2.34)
Single ventricle (1) —— 1.37 (0.69, 2.72)
0 10
analysis, the heterogeneity was obviously decreased. How- Conclusion

ever, our estimates have to be viewed with caution because
of evidence of heterogeneity. Again, potential publication
bias could influence the findings, but little evidence of pub-
lication bias was found.

In summary, the present study, which includes a large pro-
portion of participants, with sufficient statistical power, aims
at assessing the risk of CHDs and its specific phenotypes
associated with maternal DM including PGDM and GDM.
Although the role of potential bias and evidence of hetero-
geneity should be carefully evaluated, our meta-analysis
indicates that the maternal DM including PGDM and GDM
are significantly associated with risk of CHDs and its most
phenotypes. Additionally, the PGDM seems to be more
likely to cause CHDs in offspring than GDM. However, it
remains unknown why maternal DM can increase the risk
of CHD:s in offspring. Further studies are needed to clarify
the underlying mechanisms.
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Table 2 Subgroup analysis for maternal DM and risk of total CHDs

Subgroup variables

Total diabetes mellitus (n=52)
2.69 (2.25-3.20) 4*=2075.08,
P<0.00001; *=98%

Pregestational diabetes mel-
litus (n=31) 3.17 (2.74-3.67)
22 =140.81, P<0.00001; *=80%

Gestational diabetes mel-
litus (n=27) 1.97 (1.65-2.36)
x>=259.26, P<0.00001; *=90%

Whether the effects were adjusted

Adjusted

Unadjusted

Study design
Case—control studies

Cobhort studies

Continents

North America

Asia

Europe

Oceania
Sample source

Population-based studies

Hospital-based studies

TSD: *=0.39, P=0.53; ’=0%

2.55 (1.99-3.27) (n=25)
7$=1293.33, P<0.00001;
P=98%

2.83 (2.28-3.51) (n=27)
¥>=310.05, P <0.00001;
P=92%

TSD: *=0.24, P=0.62; ’=0%

2.70 (2.31-3.16) (n=136)

12 =267.46, P<0.00001;
P=87%

2.45 (1.70-3.52) (n=16)
7*=961.01, P<0.00001;
P=98%

TSD: y*=28.74, P <0.00001;
=89.6%

2.27 (1.83-2.81) (n=22)
7> =963.98, P<0.00001;
P=98%

3.52(2.81-4.43) (n=18)
2$=53.21, P<0.00001; I*=68%

2.70 (2.25-3.24) (n=11)
x*=37.75, P<0.0001; ’=74%

1.63 (1.35-1.97) (n=1) not
applicable

TSD: y*=3.32, P=0.07;
P=69.9%

2.46 (2.03-2.98) (n=34)
£ =1758.13, P<0.00001;
P=98%

3.43 (2.54-4.64) (n=17)
£2=176.14, P<0.00001; *=79%

TSD: y*=1.45, P=0.23;
P=312%

2.95 (2.48-3.51) (n=16)
£>=91.48, P<0.00001; I*=84%

3.57 (2.76-4.61) (n=15)
x>=50.49, P <0.00001;
P=72%

TSD: x*=0.55, P=0.46; *=0%

3.08 (2.48-3.82) (n=18)

2 =64.56, P<0.00001; I>=74%

3.41 (2.89-4.03) (n=13)
1>=50.95, P<0.00001; *=76%

TSD: x*>=14.95, P <0.00001;
P2=179.9%

3.81 (3.17-4.57) (n=17)
1*=53.41, P<0.00001; *=70%

1.72 (1.19-2.50) (n=3) *=2.82,
P=0.24; *=29%

2.92 (2.36-3.61) (n=10)
1> =43.24, P<0.00001; *=79%

2.84 (1.89-4.26) (n=1) not
applicable

TSD: y*=0.95, P=0.33; ?=0%

3.33 (2.90-3.81) (n=24)
22 =104.53, P<0.00001;
P=78%

2.61 (1.63-4.17) (n=7)
22=20.31, P=0.002; >=70%

TSD: y*=5.32, P=0.02; ’=81.2%

1.50 (1.35-1.67) (n=11) y*=13.31,
P=0.21; P=25%

2.18 (1.64-2.92) (n=16)
7$=215.65, P<0.00001; ?=93%

TSD: y*=0.99, P=0.32; ’=0%

2.12 (1.69-2.65) (n=19)
x>=204.19, P<0.00001;
F=91%

1.74 (1.27-2.38) (n=8) x>=52.23,
P<0.00001; ?=87%

TSD: x*>=87.90, P <0.00001;
=96.6%

1.52 (1.39-1.65) (n=12) y*=16.75,
P=0.12; ?=34%

3.67 (3.07-4.38) (n=10)
x?=14.25,P=0.11; *=37%

1.41 (1.21-1.64) (n=4) y*=2.37,
P=0.50; P=0%

1.40 (1.12-1.75) (n=1) not appli-
cable

TSD: x*=10.83, P=0.001;
F=90.8%

1.66 (1.47-1.89) (n=18)
x>=73.74, P <0.00001; *=77%

3.33(2.25-4.94) (n=9) x>=34.22,
P<0.0001; *=77%

TSD Test for subgroup differences
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