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Purpose: To examine the associations of maternal virus infection in early pregnancy with 
risk of offspring congenital heart disease (CHD) and its seven common subtypes including 
atrial septal defect, ventricular septal defect, atrioventricular septal defect, patent ductus 
arteriosus, Tetralogy of Tallot, pulmonary stenosis, and transposition of the great arteries.
Patients and Methods: A prospective cohort study was conducted in Central China. 
A total of 44,048 pregnant women with singleton pregnancies at 8–14 gestational weeks 
were finally included and followed to 3 months postpartum. Serum was tested for virus 
infection including hepatitis B virus (HBV), coxsackievirus-B, human cytomegalovirus 
(HCMV), herpes simplex virus (HSV), and rubella virus. Multivariable modified Poisson 
regression models were used to estimate the relative risks (RRs) of all CHDs as well as seven 
common subtypes of CHD in offspring of pregnant women with different types of virus 
infection in early pregnancy, adjusting for confounders identified by directed acyclic graphs.
Results: At the end of follow-up, 564 births were diagnosed with CHD. Multivariable analyses 
showed that the presence of maternal viral infection in early pregnancy was independently 
associated with increased risks of CHD in offspring, with an adjusted relative risk of 2.21 
(95% CI: 1.66–2.95) for HBV infection, 2.21 (95% CI: 1.63–3.00) for coxsackievirus-B infec-
tion, 3.12 (95% CI: 2.44–3.98) for HCMV infection, and 2.62 (95% CI: 1.95–3.51) for rubella 
virus infection. More specifically, the offspring of pregnant women with HCMV infection had 
the highest increased risk of patent ductus arteriosus (RR=10.50, 95% CI: 6.24–17.66). These 
findings persisted in analyses that were further adjusted for the other virus of interest in this study.
Conclusion: Our study proposed evidence that maternal virus infection in early pregnancy, 
including HBV, coxsackievirus-B, HCMV, and rubella virus, was implicated in CHD, 
although more studies remain needed to verify the results, especially associations in specific 
CHD phenotypes.
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Introduction
Congenital heart disease (CHD) is the most common congenital disorder diagnosed in 
newborns, accounting for one-third of congenital anomalies.1 Current researches indicate 
that CHD affects ~8 per thousand live births worldwide and ~9 per thousand live births in 
China.2,3 Despite numerous advances in pediatric cardiac diagnosis and medical care, 
CHD continues to be a leading cause of infant morbidity and mortality.4,5 It also 
significantly affects the health of children and adults and brings heavy burden to families 
and society.6–9 Identification of risk factors for CHD as well as subsequent efforts to 
prevent CHD remain important priorities for research.
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Epidemiological studies have suggested that less than 
20% of CHD could be explained by chromosome 
abnormalities and gene defects, whereas the majority 
should be caused by the interaction of genetic and 
environmental factors.10 Early pregnancy is a critical 
period for the development of fetal cardiovascular sys-
tem, especially for the second to eighth weeks of preg-
nancy which is the vulnerable window for CHD.11 From 
a prevention perspective, it is crucial to explore and 
identify risk factors related to CHD, especially those 
that can be intervened.

Since the first report on the devastating teratogenic 
effects of the rubella virus on fetal cardiovascular system 
published in 1941,12 a number of studies have assessed 
the association of maternal rubella virus infection during 
pregnancy and risk of CHD.13–15 Other virus, including 
hepatitis B virus (HBV), coxsackievirus-B, human cyto-
megalovirus (HCMV), and herpes simplex virus (HSV) 
which are common in pregnant women, are also assessed 
by few studies. To date, the association between maternal 
rubella virus infection and CHD has been well 
documented,13,16 yet analyses of other virus in the risk 
of CHD have yielded inconsistent findings.17–25 Given 
that the exact pathophysiological mechanisms of most 
CHD remain unknown nowadays, it would be of value 
to demonstrate whether relationship between maternal 
virus infection and CHD exist and whether the relation-
ship could further be a potential marker for clinical pre-
vention. However, data from these studies are difficult to 
assess due to the lack of serological evidence for micro-
bial agents,17,20,26 uncertain time of infection during 
pregnancy,19,23–25 and restricted number of CHD.19,21 

Furthermore, none of these studies have assessed risk 
for specific CHD phenotypes by maternal virus infection. 
If the role of maternal virus infection varies in different 
phenotypes of CHD, then it is possible that the different 
CHD phenotype constitution may, at least partially, 
explain these inconsistent findings.

To this end, in the present study, we aimed to estimate 
the relative risk of total CHD as well as specific CHD 
phenotypes in the offspring of mothers who were effected 
with virus during pregnancy through a prospective cohort 
study. The virus included rubella virus, HBV, coxsack-
ievirus-B, HCMV, and HSV. Given that the key develop-
ment phase of CHD is the second to eighth weeks during 
pregnancy, we restricted the time of infection to early 
pregnancy.

Materials and Methods
Ethics Statement
This study was performed in line with the principles of the 
Declaration of Helsinki. Approval was granted by the 
Ethics Committee of Xiangya School of Public Health 
Central South University, and written informed consent 
was obtained from all mothers. Additionally, it has been 
registered in Chinese Clinical Trial Registry Center (regis-
tration number: ChiCTR1800016635). Each participant 
was informed of the study protocol and provided written 
informed consent before completing an interviewer- 
administered questionnaire as well as providing biological 
samples (eg, blood sample).

Study Design and Subjects
This study was nested on a prospective cohort study con-
ducted among pregnant women and their children in the 
Hunan Provincial Maternal and Child Health Care 
Hospital, the provincial health center for women and chil-
dren in Hunan Province, Central China. This hospital was 
founded in 1947 and is one of the oldest Maternal and 
Child Health Hospitals in China. From March 13, 2013 to 
December 31, 2019, pregnant women who received their 
first antenatal care between 8 and 14 weeks of gestation 
were approached and invited to join the cohort. 
Gestational weeks were estimated using the last menstrual 
period data or calculated by ultrasound if the menstruation 
was irregular.27 After recruitment, participants who pro-
vided informed consent were interviewed face-to-face by 
trained investigators using a structured questionnaire to 
collect information on socio-demographic characteristics, 
obstetric, clinical, and genetic characteristics, and health- 
related factors. All participants were followed up until 3 
months after birth to collect detailed information on infant 
illness, especially birth defects. Data on disease diagnosis 
were confirmed by medical records.

Pregnant women over 18 years or older who intended to 
receive prenatal care and to deliver at the study hospital were 
invited to participate in the cohort. After written informed 
consents, a total of 49,158 eligible pregnant women were 
recruited in the present study during their first prenatal care 
in the early stage of pregnancy. After excluding participants 
with multiple pregnancies, with termination of pregnancy by 
artificial abortion or induced labor, still pregnant at the end 
of follow-up or lost to follow-up, as well as those without 
data on the status of virus infection in early pregnancy and 
those whose children were diagnosed with a chromosomal 
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aberration or syndromic CHD, a total of 44,048 pregnant 
women were included in the final analysis (Figure 1).

Specimen Collection and Laboratory 
Testing
A 3–5mL peripheral venous blood sample was obtained 
from each participant under strict hygiene and safety 
guidelines. Serum separated from blood samples was 
tested for virus infection including HBV, coxsackievirus- 
B, HCMV, HSV, and rubella virus, at the Hunan Provincial 
Maternal and Child Health Care Hospital laboratory. The 
method of enzyme-linked immunoassay (ELISA) was used 
to detect antibody to hepatitis B surface antigen (HBsAb), 
hepatitis B surface antigen (HBsAg), antibody to hepatitis 
B core antigen (HBcAb), hepatitis B e-antigen (HBeAg), 

and antibody to hepatitis B e-antigen (HBeAb), using 
commercial kits manufactured by the Beijing Wantai 
Biological Pharmacy Enterprise Co. Ltd. (Beijing, 
China). HBV-DNAs was tested by using polymerase 
chain reaction (PCR) fluorescence probing technology 
reagents produced by Hunan Sansure Biotech Inc. For 
the purpose of our study, samples with either HBsAg and 
HBeAg double positive or HBsAg positive with HBV- 
DNAs level > 2×105 IU/mL were considered HBV posi-
tive. HCMV-specific IgG and IgM were detected by using 
a commercial chemiluminescence microparticle immu-
noassay (CMIA) (Diasorin, Italy) based on the manufac-
turer’s instructions; according to manufacturer’s 
recommendations, HCMV-specific IgM values >22.0 AU/ 
mL and HCMV-specific IgG values >14.0 AU/mL were 

Figure 1 Flow chart illustrating the process of participants recruitment 
Abbreviation: CHD, congenital heart disease.
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considered as positive. Detection of HSV infection in the 
blood samples was done by CMIA kit (Diasorin, Italy); 
seropositivity was defined as HSV specific IgM values 
>2.0 AU/mL and HSV specific IgG values >1.1 AU/mL 
as referred to product protocol. Also, CMIA kit (Diasorin, 
Italy) was used to detect serum rubella virus-specific IgG 
and IgM; according to the kit, IgM values >25 AU/mL and 
IgG values >10 AU/mL were considered as positive. In 
addition, the coxsackievirus-B IgM in serum samples was 
measured with the enzyme-linked immunoassay kits man-
ufactured by the Beijing Beier Bioengineering Co., Ltd 
(Beijing, China); IgM positivity was a marker for coxsack-
ievirus-B infection.

Diagnosis of CHD
All CHD cases were diagnosed by pediatric cardiologists 
through physical examination, heart auscultation, electro-
cardiogram, pulse oximetry, and echocardiography. The 
classification of CHD was based on the International 
Classification of Diseases-10 (ICD-10) diagnosis codes 
(Q20-Q28). CHD phenotypes including atrial septal defect 
(ASD) (Q21.0), ventricular septal defect (VSD) (Q21.1), 
atrioventricular septal defect (AVSD) (Q21.2), patent duc-
tus arteriosus (PDA) (Q25.0), Tetralogy of Fallot (TOF) 
(Q21.3), pulmonary stenosis (PS) (Q25.6), and transposi-
tion of the great arteries (TGA) (Q20.3) were assessed in 
this study.

Covariates
At baseline, trained investigators collected information on 
socio-demographic characteristics, obstetric, clinical, and 
genetic characteristics, and health-related factors. Socio- 
demographic characteristics included age, ethnicity, and 
educational level. Age was divided into four groups: <25, 
25–29.9, 30–34.9, and ≥35 years. Ethnicity was classified 
into Han and minority (the other 55 ethnicities in Hunan 
Province except Han). Educational level was classified as 
junior high school or below, senior middle school, college, 
and master or above. Obstetric, clinical, and genetic char-
acteristics included mode of conception, consanguineous 
marriage (ie, yes or no), parity, history of adverse pregnancy 
outcomes (ie, yes or no), and family history of congenital 
malformations (ie, yes or no). Mode of conception was 
classified into two categories: spontaneous conception and 
assisted conception. Parity was categorized as primiparous 
and multiparous. Health-related factors included pre- 
pregnancy body mass index (BMI), pre-pregnancy diabetes 
mellitus (ie, yes or no), personal history of congenital 

malformations (ie, yes or no), taking folic acid in 3 months 
before pregnancy or in early pregnancy (ie, yes or no), 
smoking in early pregnancy (ie, yes or no), drinking in 
early pregnancy (ie, yes or no), environmental pollution 
around the dwelling place in 3 months before pregnancy 
or in early pregnancy (ie, yes or no), and exposure to radio-
active hazardous while at work in 3 months before preg-
nancy or in early pregnancy (ie, yes or no). BMI was 
calculated as the self-reported body weight in kilograms 
divided by the self-reported body height in meters squared. 
Pre-pregnancy body mass index was classified into four 
groups: <18.5 kg/m2, 18.5–23.9 kg/m2, 24–27.9 kg/m2, 
and ≥ 28 kg/m2.

Statistical Analysis
This study was reported following the STrengthening the 
Reporting of OBservational studies in Epidemiology 
(STROBE) statement. To avoid data entry errors such as 
out-of-range values and mismatches, all data were entered 
using a double-check strategy to guarantee data accuracy 
in EpiData version 3.1 (EpiData Association, Odense, 
Denmark). The directed acyclic graph (DAG), a type of 
causal diagram, was used to identify variables that could 
confound the association between maternal virus infection 
and offspring risks of CHD. The DAG has been consid-
ered as an alternative to traditional epidemiological meth-
ods for confounder identification since it explicitly shows 
and facilitates the process of causal-inference.28 

Specifically, compared with data-driven methods for 
model building, the DAG concentrate on theoretical causal 
relations between variables when identifying potential 
confounding factors.29 This approach has been used in 
epidemiology to identify sets of confounding factors 
(minimal sufficient adjustment set) that can control for 
potential confounding between exposures and outcomes 
under the hypothesized causal relationships. In the present 
study, the DAGitty online software30 was used to create 
DAGs and identify the minimal sufficient adjustment sets 
for the association between maternal virus infection and 
offspring risks of CHD (Online Resource Supplementary 
Figure S1–S5). Specifically, the minimal sufficient adjust-
ment sets included educational level, age, ethnicity, history 
of adverse pregnancy outcomes, pre-pregnancy BMI, and 
pre-pregnancy diabetes mellitus for HBV infection; educa-
tional level, age, and ethnicity for coxsackievirus-B infec-
tion; educational level, age, ethnicity, parity, and history of 
adverse pregnancy outcomes for HCMV infection; educa-
tional level, age, ethnicity, parity, and history of adverse 
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pregnancy outcomes for HSV infection; educational level, 
age, ethnicity, parity, history of adverse pregnancy out-
comes, and pre-pregnancy BMI for rubella virus infection.

Descriptive statistics were used to assess the character-
istics of study participants, and Chi-square test was 
employed to compare categorical variables. Modified 
Poisson regression with robust error variances was used 
in three models to estimate risk ratios (RRs) and their 
corresponding 95% confidence intervals (CIs) for CHD 
in offspring exposed to maternal viral infection in early 
pregnancy. In the crude model (model 1), RRs were not 
adjusted for any variable. Model 2 adjusted for variables 
indicated in the DAGs. Model 3 adjusted for the variables 
in model 2 plus the other four types of virus infection 
except itself among the five types of virus infection ana-
lyzed in this study.

Two sensitivity analyses were conducted by reanalyz-
ing the association between viral infection in early preg-
nancy and offspring risks of CHD after 1) excluding 
pregnant women whose children had any congenital dis-
ease other than CHD and 2) excluding pregnant women 
whose children had more than one CHD phenotypes. All 
statistical analyses were conducted by using SPSS version 
20.0 (SPSS Inc., Chicago, IL, USA) and a p-value ≤ 0.05 
was considered statistically significant.

Results
A total of 44,048 eligible pregnant women with single-
ton pregnancies were included for analysis. Based on 
the blood test results, 7706 pregnant women were iden-
tified with virus infection. Among them, 1076 had infec-
tions from more than one type of virus. When classified 
by the type of virus infected, 2480 pregnant women 
were positive for HBV, 2084 were positive for coxsack-
ievirus-B, 2472 were positive for HCMV, 586 were 
positive for HSV, and 1290 were positive for rubella 
virus. In the offspring of these pregnant women, 564 
were diagnosed as having CHD, specifically, 170 as 
having ASD, 246 as having VSD, 52 as having AVSD, 
84 as having PDA, 36 as having TOF, 44 as having PS, 
and 28 as having TGA. The positive rates for each virus 
as well as the prevalence rates for each type of CHD are 
shown in Table 1.

Sample Characteristics
The distribution of baseline characteristics according to 
the status of maternal viral infection in early pregnancy is 
summarized in Table 2. Pregnant women with a positive 

infection status for any of the five viruses listed below 
are classified into the “positive” group: HBV, coxsack-
ievirus-B, HCMV, HSV, and rubella virus. Both pregnant 
women with a positive infection status and those with 
a negative infection status were concentrated in the age 
group of 25–29.9 years (51.3% vs 43.4%) and 30–34.9 
years (24.3% vs 33.9%), and their educational level was 
mostly senior middle school (50.6% vs 53.0%) and col-
lege (33.7% vs 22.6%). Han Chinese pregnant women 
were more likely to have a positive infection status. In 
addition, multiparas, pregnant women with consangui-
neous marriage, and pregnant women who had a family 
history of congenital malformations were more likely to 
be virus infected. In terms of health-related factors, most 
pregnant women with different infection status had 
a normal pre-pregnancy BMI, that was in the range of 
18.5–23.9 kg/m2 (71.0% in positive ones vs 65.6% in 
negative ones). Pregnant women who had a history of 
congenital malformations were more likely to have 
a positive infection status. Additionally, compared with 
pregnant women with a negative infection status, preg-
nant women with a positive infection status had higher 
proportions in the characteristics including smoking in 
early pregnancy and exposure to radioactive hazardous 
while at work in 3 months before pregnancy or in early 
pregnancy, while had relatively lower proportions in the 
characteristics including taking folic acid in 3 months 

Table 1 Prevalence of Maternal Viral Infection in Early Pregnancy 
and CHD in Offspring

Number of Cases Prevalence (95% CI)

Infected virus

HBV 2480 5.63% (5.41–5.85%)

Coxsackievirus-B 2084 4.73% (4.53–4.93%)

HCMV 2472 5.61% (5.40–5.83%)

HSV 586 1.33% (1.22–1.44%)

Rubella virus 1290 2.93% (2.77–3.09%)

Type of CHD

Total CHD 564 12.80‰ (11.75–13.85‰)

ASD 170 3.86‰ (3.28–4.44‰)

VSD 246 5.58‰ (4.89–6.28‰)

AVSD 52 1.18‰ (0.86–1.50‰)

PDA 84 1.91‰ (1.50–2.31‰)

TOF 36 0.82‰ (0.55–1.08‰)

PS 44 1.00‰ (0.70–1.29‰)

TGA 28 0.64‰ (0.40–0.87‰)

Abbreviations: ASD, atrial septal defect; AVSD, atrioventricular septal defect; 
CHD, congenital heart disease; HBV, hepatitis B virus; HCMV, human cytomegalo-
virus; HSV, herpes simplex virus; PDA, patent ductus arteriosus; PS, pulmonary 
stenosis; TGA, transposition of the great arteries; TOF, Tetralogy of Fallot; VSD, 
ventricular septal defect.
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before pregnancy or in early pregnancy, drinking in early 
pregnancy, and exposure to environmental pollution 
around the dwelling place in 3 months before pregnancy 
or in early pregnancy. Furthermore, the distribution of 
baseline characteristics according to the infection status 
of different virus in early pregnancy was summarized in 
Online Resource Supplementary Table S1 and 
Supplementary Table S2.

Maternal HBV Infection in Early 
Pregnancy and Risk of CHD in Offspring
Figure 2 shows the association between maternal HBV 
infection in early pregnancy and risk of CHD in offspring. 
After adjusting for potential confounders including educa-
tional level, age, ethnicity, history of adverse pregnancy 
outcomes, pre-pregnancy BMI, and pre-pregnancy dia-
betes mellitus (in model 2), the risk estimates of both 

Table 2 The Distribution of Baseline Characteristics According to Status of Viral Infection in Early Pregnancy

Baseline Characteristics Infection Status

Negative  
(n, %)

Positive  
(n, %)

p-value

Sociodemographic characteristics

Age (years) <0.001

<25 3894 (10.7) 1086 (14.1)

25–29.9 15,772 (43.4) 3952 (51.3)

30–34.9 12,318 (33.9) 1874 (24.3)

≥35 4358 (12.0) 794 (10.3)

Ethnicity <0.001

Han 34,296 (94.4) 7522 (97.6)

Minority 2046 (5.6) 184 (2.4)

Educational level <0.001

Junior high school or below 610 (16.8) 790 (10.3)

Senior middle school 19,264 (53.0) 3900 (50.6)

College 8224 (22.6) 2596 (33.7)

Master or above 2744 (7.6) 420 (5.5)

Obstetric, clinical, and genetic characteristics

Mode of conception 0.342

Spontaneous conception 28,106 (77.3) 5998 (77.8)

Assisted conception 8236 (22.7) 1708 (22.2)

Parity <0.001

Nulliparous 16,862 (46.4) 2700 (35.0)

Multiparous 19,480 (53.6) 5006 (65.0)

Consanguineous marriage (yes) 120 (0.3) 64 (0.8) <0.001

History of adverse pregnancy outcomes (yes) 14,684 (40.4) 3074 (39.9) 0.403

Family history of congenital malformations (yes) 42 (0.1) 20 (0.3) 0.002

Health-related factors

Pre-pregnancy BMI (kg/m2) <0.001

<18.5 6076 (16.7) 1456 (18.9)

18.5–23.9 23,856 (65.6) 5468 (71.0)

24–27.9 5476 (15.1) 586 (7.6)

≥28 934 (2.6) 196 (2.5)

Pre-pregnancy diabetes mellitus (yes) 284 (0.8) 48 (0.6) 0.144

Personal history of congenital malformations (yes) 354 (1.0) 112 (1.5) <0.001

Taking folic acid in 3 months before pregnancy or in early pregnancy (yes) 34,750 (95.6) 7322 (95.0) 0.020

Smoking in early pregnancy (yes) 478 (1.3) 126 (1.6) 0.028

Drinking in early pregnancy (yes) 504 (1.4) 60 (0.8) <0.001

Exposure to environmental pollution around the dwelling place in 3 months before pregnancy or in early pregnancy (yes) 808 (2.2) 112 (1.5) <0.001

Exposure to radioactive hazardous while at work in 3 months before pregnancy or in early pregnancy (yes) 1144 (3.1) 288 (3.7) 0.008

Note: Bold font indicates statistical significance. 
Abbreviation: BMI, body mass index.
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total CHD (RR=2.21, 95% CI: 1.66–2.95) and VSD 
(RR=4.63, 95% CI: 3.22–6.67) significantly increased in 
offspring of HBV-infected pregnant women compared to 
HBV-uninfected pregnant women. Further adjustment for 
other virus infection including coxsackievirus-B, HCMV, 
HSV, and rubella virus also showed increased risks of total 
CHD (RR=2.41, 95% CI: 1.80–3.21) and VSD (RR=5.28, 
95% CI: 3.66–7.63) in offspring of HBV-infected pregnant 
women (in model 3).

Maternal Coxsackievirus-B Infection in 
Early Pregnancy and Risk of CHD in 
Offspring
Figure 3 shows the association between maternal coxsackie-
virus-B infection and risk of CHD in offspring. After adjusting 
for potential confounders including educational level, age, and 
ethnicity (in model 2), the presence of coxsackievirus-B infec-
tion in early pregnancy was independently associated with 

increased risks of total CHD (RR=2.21, 95% CI: 1.63–3.00), 
VSD (RR=3.74, 95% CI: 2.48–5.63), and AVSD (RR=2.95, 
95% CI: 1.27–6.85) in offspring. After further adjustment for 
other virus infection including HBV, HCMV, HSV, and 
rubella virus, significantly increased risks of total CHD 
(RR=1.56, 95% CI: 1.07–2.27) and VSD (RR=3.14, 95% 
CI: 1.86–5.29) was still observed in offspring of pregnant 
women with coxsackievirus-B infection (in model 3).

Maternal HCMV Infection in Early 
Pregnancy and Risk of CHD in Offspring
Figure 4 shows the association between maternal 
HCMV infection and risk of CHD in offspring. After 
adjusting for potential confounders identified including 
educational level, age, ethnicity, parity and history of 
adverse pregnancy outcomes (in model 2), maternal 
HCMV infection in early pregnancy was associated 
with increased risks of total CHD (RR=3.12, 95% CI: 

Figure 2 Maternal HBV infection in early pregnancy and risks of CHD in offspring. 
Notes: Model 1 was a crude model without any variable adjusted. Model 2 adjusted for educational level, age, ethnicity, history of adverse pregnancy outcomes, pre- 
pregnancy BMI, and pre-pregnancy diabetes mellitus. Model 3 adjusted for educational level, age, ethnicity, history of adverse pregnancy outcomes, pre-pregnancy BMI, pre- 
pregnancy diabetes mellitus, and other virus infection including coxsackievirus-B, HCMV, HSV, and rubella virus. 
Abbreviations: BMI, body mass index; CHD, congenital heart disease; HBV, hepatitis B virus; HCMV, human cytomegalovirus; HSV, herpes simplex virus.

Figure 3 Maternal coxsackievirus-B infection in early pregnancy and risks of CHD in offspring. 
Notes: Model 1 was a crude model without any variable adjusted. Model 2 adjusted for educational level, age, and ethnicity. Model 3 adjusted for educational level, age, 
ethnicity, and other virus infection including HBV, HCMV, HSV, and rubella virus. 
Abbreviations: CHD, congenital heart disease; HBV, hepatitis B virus; HCMV, human cytomegalovirus; HSV, herpes simplex virus.
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2.44–3.98) and most CHD subtypes including ASD 
(RR=2.70, 95% CI: 1.68–4.33), VSD (RR=2.56, 95% 
CI: 1.73–3.77), PDA (RR=10.50, 95% CI: 6.24–17.66), 
and TOF (RR=6.34, 95% CI: 2.60–15.5). Further 

adjustment for other virus infection including HBV, 
coxsackievirus-B, HSV, and rubella virus also showed 
increased risks of total CHD (RR=2.91, 95% CI: 2.18– 
3.90), ASD (RR=2.94, 95% CI: 1.71–5.06), VSD 

Figure 4 Maternal HCMV infection in early pregnancy and risks of CHD in offspring. 
Notes: Model 1 was a crude model without any variable adjusted. Model 2 adjusted for educational level, age, ethnicity, parity, and history of adverse pregnancy outcomes. 
Model 3 adjusted for educational level, age, ethnicity, parity, history of adverse pregnancy outcomes, and other virus infection including HBV, coxsackievirus-B, HSV, and 
rubella virus. 
Abbreviations: CHD, congenital heart disease; HBV, hepatitis B virus; HCMV, human cytomegalovirus; HSV, herpes simplex virus.

Figure 5 Maternal HSV infection in early pregnancy and risks of CHD in offspring. 
Notes: Model 1 was a crude model without any variable adjusted. Model 2 adjusted for educational level, age, ethnicity, parity, and history of adverse pregnancy outcomes. 
Model 3 adjusted for educational level, age, ethnicity, parity, history of adverse pregnancy outcomes, and other virus infection including HBV, coxsackievirus-B, HCMV, and 
rubella virus. 
Abbreviations: CHD, congenital heart disease; HBV, hepatitis B virus; HCMV, human cytomegalovirus; HSV, herpes simplex virus.

Figure 6 Maternal rubella virus infection in early pregnancy and risks of CHD in offspring. 
Notes: Model 1 was a crude model without any variable adjusted. Model 2 adjusted for educational level, age, ethnicity, parity, history of adverse pregnancy outcomes, and 
pre-pregnancy BMI. Model 3 adjusted for educational level, age, ethnicity, parity, history of adverse pregnancy outcomes, pre-pregnancy BMI, and other virus infection 
including HBV, coxsackievirus-B, HCMV, and HSV. 
Abbreviations: BMI, body mass index; CHD, congenital heart disease; HBV, hepatitis B virus; HCMV, human cytomegalovirus; HSV, herpes simplex virus.]
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(RR=2.15, 95% CI: 1.34–3.46), PDA (RR=12.53, 95% 
CI: 7.72–20.32), and TOF (RR=7.00, 95% CI: 2.84– 
17.24) in offspring of HCMV-infected pregnant women 
(in model 3).

Maternal HSV Infection in Early 
Pregnancy and Risk of CHD in Offspring
Figure 5 shows the association between maternal HSV 
infection and risk of CHD in offspring. No significant 
association was observed between maternal HSV infection 
in early pregnancy and risk of total CHD or any CHD 
subtype in offspring, either by adjusting for potential con-
founders including educational level, age, ethnicity, parity 
and history of adverse pregnancy outcomes (in model 2) or 
by further adjusting for other four types of virus infection 
including HBV, coxsackievirus-B, HCMV, and rubella 
virus (in model 3) (all p > 0.05).

Maternal Rubella Virus Infection in Early 
Pregnancy and Risk of CHD in Offspring
Figure 6 shows the association between maternal rubella 
virus infection and risk of CHD in offspring. After adjust-
ing for potential confounders including educational level, 
age, ethnicity, parity, history of adverse pregnancy out-
comes, and pre-pregnancy BMI (in model 2), maternal 
rubella virus infection in early pregnancy was associated 
with increased risks of total CHD (RR=2.62, 95% CI: 
1.95–3.51) and several subtypes of CHD including ASD 
(RR=3.25, 95% CI: 2.04–5.19), VSD (RR=2.19, 95% CI: 
1.41–3.41), AVSD (RR=2.53, 95% CI: 1.34–4.80), and 
TGA (RR=3.46, 95% CI: 1.32–9.05). Further adjustment 
for other virus infection including HBV, coxsackievirus-B, 
HCMV, and HSV also showed increased risks of total 
CHD (RR=2.79, 95% CI: 2.08–3.73), ASD (RR=3.43, 
95% CI: 2.14–5.49), VSD (RR=2.37, 95% CI: 1.53– 
3.68), AVSD (RR=3.23, 95% CI: 1.64–6.39), and TGA 
(RR=3.18, 95% CI: 1.21–8.40) in offspring of pregnant 
women infected with rubella virus (in model 3).

Sensitivity Analysis
Sensitivity analyses confirmed previous results. Exclusion of 
pregnant women whose children had any congenital disease 
other than CHD (n=1716) or exclusion of pregnant women 
whose children had more than one CHD phenotypes (n=109) 
did not materially change the presented results. Data are 
shown in Online Resource Supplementary Figure S6 and 
Supplementary Figure S7.

Discussion
Using a large sample comprising 44,048 subjects, we 
provided evidence that maternal virus infection in early 
pregnancy, including HBV, coxsackievirus-B, HCMV, and 
rubella virus, was independently associated with risk of 
total CHD and several major CHD phenotypes in off-
spring. These findings persisted in analyses that were 
further adjusted for the other virus of interest in this 
study other than the virus being assessed, and were also 
confirmed by sensitivity analyses. Given that maternal 
virus infection in early pregnancy is so common (5.63% 
for HBV, 4.73% for coxsackievirus-B, 5.61% for HCMV, 
1.33% for HSV, and 2.93% for rubella virus in the present 
study population) and CHD are so frequent (12.80‰ in the 
present study population), even modest teratogenic risks 
could result in a substantial burden of disease. Our study 
with better qualification and quantification of these risks 
can not only provide research insights into teratogenic 
mechanisms but also be helpful in clinical counseling of 
infected women and primary prevention.

A number of previous studies were conducted to explore 
the association between maternal virus infection and the devel-
opment of CHD.17–26,31–36 All studies were case–control by 
design. In most studies, the diagnosis of maternal virus infec-
tion was based on the self-reported data, generally without 
serologic proof of the infection.17,19,26,31–36 Thus, it was diffi-
cult for these studies to assess the association of different types 
of viral infection with CHD in offspring. Only a few studies in 
which the status of maternal virus infection determined by 
medical records showed the associations between different 
types of maternal virus infection in early pregnancy and risk 
of CHD.8,19,21–25,37 Yang et al and Liu et al showed an 
increased risk of CHD in offspring whose mother were 
infected with rubella virus or HCMV,24,25 whereas Lai et al, 
Li et al, and Liang et al did not find any increase in CHD after 
exposure to maternal HBV, HCMV, or HSV infection.18,19,22 

After adjusting for potential confounders, Guo et al still 
observed significantly increased risks of CHD in offspring 
exposed to maternal HBV, HCMV, HSV, rubella virus, and 
coxsackievirus-B infection in early pregnancy.21 However, it 
is worth noting that all these studies observed the associations 
in CHD as a whole, without considering possible differences 
among different subtypes of CHD. In our cohort study, we not 
only assessed the associations of different types of virus infec-
tion in pregnant women during early pregnancy with risk of 
total CHD, but also analyzed the associations between the 
exposures and several major CHD phenotypes including 
ASD, VSD, AVSD, PDA, TOF, PS, and TGA. The results 
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showed significantly increased risks of total CHD and at least 
one phenotype of CHD in offspring whose mothers were 
infected with coxsackievirus-B, HBV, HCMV, and rubella 
virus in early pregnancy; however, the size of observed asso-
ciations varied with types of infected virus as well as CHD 
phenotypes. From a research and clinical perspective, the 
results highlight how overall risk estimates for CHD as 
a group can be uninformative and potentially misleading. 
The etiologic and development heterogeneity of cardiovascu-
lar malformations requires specific assessments by types of 
cardiovascular malformations. Similarly, exposures, such as 
virus infection, can be heterogeneous and can benefit from the 
assessment of the source of infection. A detailed assessment of 
exposure as well as outcomes not only helps to highlight risk 
patterns that might be otherwise missed, but also has the 
potential to provide important information for targeted 
research and personalized clinical consultation.

The present study has several strengths. It is by far the first 
study ever to have assessed the association of different types of 
virus infection in pregnant women during early pregnancy 
with CHD in the aggregate as well as with specific CHD 
phenotypes diagnosed by objective methods in such a large 
and well-defined cohort. The prospective cohort design 
allowed us to obtain accurate exposure data from standardized 
laboratory tests and avoided possible recall bias and ensured 
the reliability of the study. Also, convenient and effective 
methods of communication between researchers and partici-
pants were established, including telephone call, WeChat, and 
short message, which contributed to reduction in the rate of 
lost to follow-up (1.7% in this study). Furthermore, a rich 
variety of variables related to socio-demographic characteris-
tics, obstetric characteristics, disease and health conditions, 
history of adverse pregnancy, lifestyle, exposure of environ-
mentally harmful substances, and concurrent infections were 
evaluated and included as covariates in the statistical analyses.

The study also has several limitations. Firstly, we 
recruited participants from a single tertiary care center. 
The results of the study might not reflect those of other 
institutions across the country. However, the standardized 
laboratory testing and unified clinical diagnosis within the 
institution allowed assessment of the effect of maternal 
virus infection status during early pregnancy on CHD risk 
without confounding from these variables. Secondly, in 
China, an autopsy would not be performed on the fetus 
after selective termination of pregnancy unless requested 
by the pregnant woman herself. Therefore, even if 
a pregnant woman chooses to terminate her pregnancy 
because of the diagnosis of CHDs by fetal 

echocardiography, it was impossible to obtain accurate 
data on the proportion of CHDs in pregnancies electively 
terminated. In such scenario, we were unable to exclude 
the possibility that the exclusion of elective terminations 
because of diagnosis of a CHD could bias the results. 
Thirdly, as with other observational studies, although 
potential confounders were adjusted as much as possible 
in the analyses, the possibility of residual confounding 
caused by unmeasured or unknown covariates could not 
be ruled out. Fourthly, some findings in the present study 
could be due to chance; this is a consideration in any 
epidemiological study, especially in studies such as this 
that involved multiple comparisons. Fifthly, considering 
that the key developmental period for fetal heart 
is second to eighth weeks of pregnancy, the result from 
evaluation of the association between maternal viral infec-
tion and risks of CHD based on the testing for viral 
infection in this time period are the most convincing. 
However, it is unlikely to be achieved given the practical-
ities of the first antenatal care in China. In our study, based 
on the time of first antenatal care for pregnant women in 
China, pregnant women who received their first antenatal 
care between 8 and 14 weeks of gestation were invited to 
join the cohort. Although the test results might not indicate 
the active infections in 2–8 gestational weeks, our findings 
could still provide evidence for the associations of mater-
nal viral infection in early pregnancy and risks of CHD. 
An additional limitation was the limited sample size of 
certain exposure and heart defect groups, which reduced 
the precision of risk estimates and therefore the ability to 
detect effects when these were present. Risks of specific 
CHD phenotypes should be investigated further in larger 
studies.

Our findings of significant associations between mater-
nal virus infection in early pregnancy and risk of CHD 
suggest the necessity of laboratory tests for coxsackie-
virus-B, HBV, HCMV, and rubella virus in preparation 
for pregnancy as well as in early pregnancy, and the 
importance of timely treatment (if positive). Although 
our study did not find an association of maternal HSV 
infection and CHD risk in offspring, testing for HSV is 
also necessary given the negative effect of HSV infection 
on morbidity and mortality in pregnant women. Evidence 
suggests that, given the hormonal changes during preg-
nancy and resultant effects on the immune system, efforts 
to decrease the prevalence of virus infection and other 
diseases by modulating the local or systemic hormonal 
environment is worthy to be considered.38–40 Approaches 
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to boost pathogen-specific immunity may provide new 
pathways for prevention and treatment. Interfering with 
the specific interactions between certain virus and the 
placenta may also provide a potential prophylactic and 
therapeutic strategy. Vaccinations before and during preg-
nancy have been proved to be safe and effective against 
some pathogens (such as rubella virus), and could one day 
be expanded to include vaccines against other pathogens, 
such as coxsackievirus-B, HCMV, and HSV.38,41 Maternal 
vaccination may bring long-term benefits for the child by 
reducing fetal and placental inflammation. Overall, the 
education of women who are in preparation for pregnancy 
or in pregnancy on prevention of virus infection as well as 
early detection and appropriate treatment of infectious 
diseases remain important strategies to protect maternal 
and infant health and improve the quality of the newborn.

Conclusion
In conclusion, our study proposed evidence that mater-
nal virus infection in early pregnancy, including cox-
sackievirus-B, HBV, HCMV, and rubella virus, was 
implicated in CHD, although more studies remain 
needed to verify the results, especially associations in 
specific CHD phenotypes. Also, further studies are 
needed to clarify underlying biological mechanisms. In 
the meantime, efforts to prevent virus infection in preg-
nant women and to treat infected women with appro-
priate agents may help decrease the prevalence of some 
subtypes of CHD.
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