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Abstract

Gestational viral infection has been associated with congenital heart disease (CHD). Few studies, however, have studied
the potential role of gestational Coxsackievirus B (CVB) exposure in the pathogenesis of CHD. We prospectively enrolled
women with pregnancies affected by CHD to explore possible associations with in utero CVB exposure. Serum samples
were obtained from 122 women referred for fetal echocardiography between 2006 and 2018. We quantified CVB IgG and
IgM levels, with titers > 15.0 U/mL considered positive and measured neutralizing antibodies for three CVB serotypes:
CVB1, CVB3, and CVB4. Using data from the national enterovirus surveillance system, we compared the annual exposure
rates for each serotype in our cohort to infections reported across the United States. 98 pregnancies with no genetic defects
were included. Overall, 29.6% (29/98) had positive IgG and 4.1% (4/98) of women had positive CVB IgM titers. To explore
first-trimester CVB exposure, we focused exclusively on the 26 women with positive IgG and negative IgM titers. 61.5%
(16/26) had neutralizing antibodies against a single serotype and 38.5% (10/26) against multiple CVB serotypes. CVB4
neutralizing antibodies were the most common (65.4%, 17/26), followed by CVB3 (53.9%, 14/26) and CVB1 (30.8%, 8/26).
Among these, 30.8% of babies presented pulmonary valve anomalies: 19.2% (5/26) pulmonary atresia, and 11.5% (3/26)
pulmonary stenosis. 23.1% (6/26) of babies had coronary sinusoids. CVB exposure in our cohort mirrored that of reported
infections in the United States. Our results suggest a possible association between gestational CVB exposure and specific
CHD, particularly pulmonary valve anomalies and coronary sinusoids.

Introduction

Maternal exposure to viruses during pregnancy has been
associated with development of congenital heart defects
(CHD), although the causative mechanisms remain unclear.
Perhaps the best-known example is congenital rubella syn-
drome, where maternal infection can result in patent duc-
tus arteriosus, pulmonary valve and artery anomalies, and
ventricular septal defects (VSD) in the offspring [1]. Other
pathogens, such as cytomegalovirus, have similarly been
associated with CHD [2]. In women affected by febrile ill-
ness during pregnancy, the overall risk of the baby develop-
ing CHD increases twofold [3]. While a fever may develop
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for many reasons, such as upper respiratory or urinary tract
infections, the infectious agent responsible is often not iden-
tified [4, 5]. Surprisingly, data regarding different infections
during pregnancy and the outcome of the pregnancy are
sparse. Botto et al. found febrile genitourinary infections
were associated with selected heart defects, particularly
right-sided obstructive defects (OR > 3) and possibly others
[4]. Similarly, Guo and colleagues found an increased risk of
birth defects, including heart anomalies, in the setting of first
trimester infections [6]. No study, to the best of our under-
standing, has specifically looked at prenatal gastrointestinal
infections and neonatal outcomes.

Enteroviruses, part of the Picornaviridae family, are a
common and varied group of viruses responsible for dis-
eases such as polio, hand-foot-mouth disease, myocarditis,
and viral meningitis [7]. The clinical presentation of these
viruses can vary by age: neonates and children younger than
five years typically present with myocarditis, aseptic men-
ingitis, and encephalitis; children between 5 and 15 years
old often suffer from central nervous system infections; and
adults usually present with myocarditis [8]. In addition,
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many enteroviruses can result in asymptomatic infection
[9]. Importantly, asymptomatic infection during pregnancy
by common pathogens, such as enteroviruses, can result in
subclinical viremia that can then lead to congenital anoma-
lies [8]. Therefore, the incidence of viral infections by agents
such as enteroviruses during pregnancy, along with the risk
of vertical transmission to the fetus, may be underdiagnosed
[10]. Epidemiologic studies done in the 1960s suggested an
association between maternal enteroviral infection, particu-
larly coxsackievirus B (CVB), and CHD [11]. Interestingly,
the coxsackievirus and adenovirus receptor (CAR), through
which CVB infects cardiomyocytes in myocarditis, is highly
expressed in the developing heart and brain, playing a criti-
cal role in cardiac development during gestation [12—15].

We have previously shown that maternal CVB infection
during early gestation can induce CHD, particularly VSD
and abnormal myocardial architecture similar to ventricu-
lar non-compaction, in a murine model [16]. To investigate
the potential clinical relevance of our animal studies, we
conducted an exploratory study of women with pregnancies
affected by CHD, analyzing serum samples for the presence
of CVB-specific IgG and IgM antibody titers, as well as
serotype-specific neutralizing antibodies and their relation
to specific cardiac lesions.

Methods
Patients

Women over the age of 18 referred for fetal echocardiogra-
phy during their second trimester of pregnancy due to con-
cern for possible CHD between December 2006 and May
2018 were prospectively enrolled into the Washington Uni-
versity in St Louis Congenital Heart Registry after providing
their informed consent. Those with twin or multiple gesta-
tions, a history of chromosomal anomalies, or treatment for
infertility were ineligible for our study. Maternal serum was
collected upon enrollment and used for antibody analysis.
The women were followed to term, and their babies’ echo-
cardiographic reports were reviewed to confirm the presence
and type of CHD diagnosis that was reported at enrollment.
All babies diagnosed with CHD at birth are referred for
genetics evaluation at our institution, if not already done
prenatally. For the purposes of this study, babies with con-
firmed genetic defects on chromosomal microarray or karyo-
type analysis, and those with known syndromic associations
(e.g., trisomy 21), VACTERL association, or heterotaxy
were excluded from analysis. The study was approved by
the Washington University School of Medicine Institutional
Review Board.

Coxsackievirus IgM and IgG Titer Assays

Quantitative detection of Coxsackievirus IgM and IgG
antibodies was performed with Serion ELISA classic Kkits
ESR134M and ESR134G, respectively (QED Biosciences,
Inc., San Diego, CA). The assays were performed as per kit
instructions. Additionally, a positive control [[BO5041CON
(IgM) or IBO5040CON (IgG), IBL America, Minneapolis,
MN] was run with each assay for test evaluation. Assays
were carried out in duplicate. Antibody concentrations were
calculated by inputting the assay absorbance readings and
lot-specific curve parameters into the evaluation software
supplied by the manufacturer. Antibody titers of 15 U/mL
or greater were considered positive according to kit instruc-
tions and confirmed by comparison with positive controls.

Assay of Neutralizing CVB Antibodies in Serum
of Pregnant Women

Neutralizing antibodies (NA) were measured against three
CVB serotypes: CVB1-Chi07 (kindly provided by Dr. Xiao-
tian Zheng of Ann & Robert H. Lurie Children’s Hospital
of Chicago), CVB3, Nancy, and CVB4, J.V.B. [American
Type Culture Collection (ATCC) prototype strains]. Heat-
inactivated (56 °C, 30 min) serum was initially diluted ten-
fold in culture media (Eagles Minimum Essential media
supplemented with 2% fetal bovine serum and 2 mM L-ala-
nyl-L-glutamine) then further diluted two-fold in the same
media. Serum dilutions were combined with 100 TCID5, of
virus and incubated at 37 °C for 90 min before being added
to monolayers of BGMK-DAF cells (ATCC PTA-4594) in
96-well microtiter plates. Plates were incubated at 37 °C
with 5% CO, and examined at day 5 post-infection for cyto-
pathic effect (CPE). Results were expressed as the inverse
final dilution that completely inhibited virus CPE, with a
titer of 80 or greater considered elevated.

Statistical Analysis

Data are expressed as median (interquartile range) or per-
cent. Categorical values were compared using Pearson’s Chi
square test or Fisher’s exact test, and Spearman’s rho was
used to test correlations. p values less than 0.05 were con-
sidered statistically significant. Data are expressed as median
(interquartile range) or percent. Since enteroviral infections
can follow “mini-epidemic” patterns [17], we also analyzed
CVB cases in our cohort to explore the seasonality of infec-
tions. To calculate the timing of first-trimester exposure, we
subtracted the weeks of gestation at the time of enrollment
from the enrollment date to determine the approximate time
of conception. We then compared the annual incidence of
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first trimester CVB infections by serotype in our cohort to
CVBI1, CVB3, and CVB4 infections in the United States,
as reported by the national enterovirus surveillance system
(NESS) [18-20], as well as CVB infection data kindly pro-
vided by Dr. Allan Nix at the Centers for Disease Control
and Prevention. Importantly, enterovirus reporting to the
NESS relies on voluntary surveillance from participating
labs and may thus not account for all enteroviral infections
in the United States. Statistical analysis was conducted using
SPSS version 25 (IBM Corporation, NY, USA).

Results
Patients

In total, 122 women were enrolled. After birth, 17 babies
were diagnosed with genetic disorders, including Turner
syndrome (1/17), Kabuki syndrome (1/17), Opitz syndrome
(1/17), mandibulofacial dysostosis with microcephaly (1/17),
and mutations of uncertain clinical significance (13/17). We
additionally excluded two infants with VACTERL associa-
tion and five with heterotaxy, resulting in 98 eligible subjects
(Fig. 1). Demographic data for these women can be found
in Table 1. Median age at enrollment was 28.1 (22.8-30.6)
years, and median gestational age was 30 (28-33) weeks.

Evidence of CVB Exposure/Infection in Pregnant
Women

Both IgG and IgM titers in serum samples collected at the
time of enrollment were analyzed. Overall, 4.1% (4/98) of
women had positive IgM titers and 29.6% (29/98) had posi-
tive IgG titers, with three women presenting both. Based on
our murine studies, where infection during early gestation
resulted in the highest incidence of CHD [16], we hypoth-
esized that CVB exposure, if relevant, had to have occurred
early during the first trimester to be considered as possibly
etiologic for CHD. Serological studies of patients with viral
infections have shown that, in general, IgM levels start to
decline 2 months after infection, and are usually negligible
by the third month post-exposure [21]. Thus, we excluded

Table 1 Demographics for women included

N=98

Patient age at enrollment (years) 28.1 (22.8-30.6)

Gestational age (weeks) 30 (28-33)
Race
Caucasian 64.8% (79/98)

African American

15.3% (15/98)

Hispanic 3.1% (3/98)

Asian 1.0% (1/98)
Elevated IgM titers 4.1% (4/98)
Elevated IgG titers 29.6% (29/98)

the three subjects with both positive IgG and IgM titers,
indicative of recent exposure during the second trimester,
and focused solely on the remaining 26 women with posi-
tive IgG only. Among the 4 women excluded due to positive
IgM titers, all babies were born with VSD along with differ-
ent CHD: congenitally-corrected transposition of the great
arteries (CC-TGA) (50%, 2/4), pulmonary atresia (PA) (25%,
1/4), and dextro-transposition of the great arteries (d-TGA)
(25%, 1/4).

The majority of these patients (61.5%, 16/26) had ele-
vated neutralizing antibodies against a single CVB serotype:
7.7% (2/26) against CVBI1, 19.2% (5/26) against CVB3,
and 34.6% (9/26) against CVB4. In accordance with prior
studies [9, 22, 23], we also observed a number of subjects
with evidence of exposure to more than one CVB serotype.
3.8% (1/26) of women had elevated neutralizing antibodies
against CVB1 and CVB4, 15.4% (4/26) against CVB3 and
CVB4, 7.7% (2/26) against CVB1 and CVB3, and 11.5%
(3/26) had elevated neutralizing antibodies against all three
serotypes. CVB4 neutralizing antibodies were the most
common among women with elevated titers against multi-
ple serotypes.

Association Between In-Utero CVB Exposure/
Infection and CHD

Overall, the most common CHD were pulmonary steno-
sis (18.4%, 18/98), double-outlet right ventricle (DORV)

Fig.1 Subject selection algo-
rithm
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Table 2 Congenital heart defects, antibody titers, and characteristics of babies in the suspected first-trimester CVB exposure cohort

Primary diagnosis Accompanying defects First IgG (U/mL)  NA titers for subjects with elevated
trimester 1gG
veu CVBINA CVB3NA CVB4NA
PA/IVS Coronary sinusoids 2014 144.1 10 640 10
HLHS AA/MS 2011 342 10 80 320
PA/IVS Coronary sinusoids 2013 33.9 10 80 160
Tetralogy of Fallot PA 2017 32.1 10 320 10
HLHS AA/MS 2013 30.7 10 10 160
d-TGA 2016 29.7 10 10 320
Tetralogy of Fallot PA 2008 29.3 320 20 640
HLHS AA/MS, coronary sinusoids 2013 29.3 10 20 80
Coarctation of the aorta 2016 28.4 10 10 80
HLHS AA/MA, VSD 2012 27.4 10 80 20
DORYV HLHS variant AS/MA 2017 26.7 10 10 80
HLHS AS/MS 2010 26.6 160 160 640
Coarctation of the aorta 2015 26.5 10 10 80
DORYV HLHS variant AA/MA, thickened, stenotic pulmonary valve 2017 25.8 320 640 20
DORV PS 2009 21.3 40 160 40
HLHS AA/MS 2008 19.7 160 640 320
PA/IVS Tricuspid atresia 2015 18.6 80 160 40
Tetralogy of Fallot LCA to RV fistula 2014 18.4 10 80 320
HLHS AS/MS 2011 17.7 10 10 80
HLHS AS/MA, VSD 2014 17.3 80 10 10
Coarctation of the aorta ~ VSD 2007 17.2 10 20 640
HLHS AS/MS, coronary sinusoids 2015 16.8 80 80 80
d-TGA 2013 16.3 10 10 80
HLHS AA/MA, anomalous RCA from pulmonary 2012 16.3 20 160 640
artery, RV trabeculations

Tetralogy of Fallot PS 2016 15.6 80 10 10
HLHS AA/MS, coronary sinusoids 2011 15.2 10 80 10

AA aortic atresia, AS aortic stenosis, DORV double-outlet right ventricle, d-TGA dextro-transposition of the great arteries, HLHS hypoplastic left
heart syndrome, /VS intact ventricular septum, LCA left coronary artery, MA mitral atresia, MS mitral stenosis, PA pulmonary atresia, PS pulmo-
nary stenosis, RCA right coronary artery, RV right ventricle, VSD ventricular septal defect

(16.3%, 16/98), VSD (15.3%, 15/98), and PA (14.3%, 14/98).
Within the CVB-exposed group, 30.8% (8/26) of babies had
pulmonary valve anomalies (Table 2). The most common of
these was PA: three babies had PA with intact ventricular
septum (PA/IVS), two with coronary sinusoids and one with-
out, while two babies had tetralogy of Fallot (TOF) with PA.
Three additional patients presented pulmonary valve anoma-
lies: one had a thickened, stenotic pulmonary valve in the
setting of DORV hypoplastic left heart syndrome (HLHS)
aortic atresia/mitral atresia (AA/MA) variant, while two
had pulmonary stenosis (one with DORV and another with
TOF). Neutralizing antibodies against CVB3 were the most
commonly found in this subset (75%, 6/8); four women had
isolated CVB3 neutralizing antibodies, one had antibodies
against CVB3 and CVB4, and another against both CVB1
and CVB3.

Interestingly, 23.1% (6/26) of babies with in-utero expo-
sure to CVB also had coronary sinusoids. These were pre-
sent in the two previously mentioned babies with PA/IVS,
as well as three with HLHS. Of these, two had AA/mitral
stenosis (MS), and one had aortic stenosis (AS)/MS sub-
type. Maternal serum samples found elevated neutralizing
antibodies against a single CVB serotype in three instances
(CVB3: 2; CVB4: 1), while the other two had neutralizing
antibodies against various serotypes (CVB3 and 4: 1; CVBI,
3, and 4: 1). One patient with TOF had a fistula from the left
coronary artery to the right ventricle, with elevated neutral-
izing antibodies against both CVB3 and CVB4. Babies with
coronary sinusoids in the CVB-exposed subset comprised
50% (6/12) of all coronary sinusoid cases among the 98
enrolled women (p =0.058), while 35.7% (5/9) of all babies
with pulmonary atresia had CVB exposure (p =0.295).
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Seasonality of CVB Exposure

To determine whether there were any patterns in CVB expo-
sure in our cohort, we first calculated the estimated date of
conception for women with elevated IgG and negative [gM
levels. We then added the four women with elevated IgM,
using the date of sample collection to the number of annual
CVB cases, and compared the year of CVB exposure to the
timing of study enrollment for the remainder of the cohort
(Fig. 2). Notably, 67.3% (66/98) of women were enrolled
between 2012 and 2018, compared to 32.7% (32/98) between
2006 and 2011. When controlling for the number of enrolled
subjects, there was no correlation between CVB infection
and year of exposure (R>=0.144, p=0.655).

Next, we were interested in comparing the specific CVB
serotypes observed among the women with first-trimester
exposure to the incidence of known CVB infections in the

Fig.2 Annual incidence of
CVB exposure over the study
period
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United States. CVB1 was the most common of the three
CVB serotypes we studied reported by the NESS, com-
prising 36.5% (270/739) of infections. However, this was
primarily driven by a significant infection peak in 2007
and 2008, with nearly negligible levels of CVBI1 infection
after 2009 (Fig. 3A) [18]. Although neutralizing antibodies
against CVB1 were only present in 30.8% (8/26) of women
with first-trimester exposure in our cohort, we also observed
a peak in 2008 (Fig. 3B). CVB3 comprised 33.3% (246/739)
of reported cases, with important peaks observed in 2011
and 2014 in the United States. Similarly, CVB3 infections
peaked in 2011 and 2014 in our cohort, with 53.9% (14/26)
presenting CVB3 neutralizing antibodies (Fig. 3B). Finally,
CVB4 infections comprised 30.2% (223/739) of those
reported by the NESS, peaking in 2007 and 2013 (Fig. 3A).
In our cohort, CVB4 was the most common serotype, found
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in 65.4% (17/26) of women with first-trimester exposure.
Although there was an early peak of CVB4 infections in
2008, exposure rates remained high from 2010 onwards,
with the greatest peak observed in 2013 (Fig. 3B). These
data suggest that the risk of exposure among our cohort
closely mirrors that of the general population in the United
States.

Discussion

In this exploratory study, we analyzed the serum of 98
women referred for fetal echocardiography due to CHD
during their second trimester of pregnancy. We found 26
women with evidence of possible CVB exposure in the first
trimester, defined by elevated CVB-specific IgG without

CVB Infections over Study Period

2010 2011 2012 2013 2014 2015 2016 2017

Uninfected ®Infected

positive IgM titers at the time of sample collection. Among
these, the most common CHD observed were pulmonary
valve anomalies, particularly pulmonary atresia. Further, we
noted an interesting association with the presence of coro-
nary sinusoids, which was not strictly isolated to PA/IVS.
Interestingly, although neutralizing antibodies against CVB4
were the most common overall, the majority of patients with
pulmonary valve anomalies had elevated neutralizing anti-
bodies against CVB3.

Viral infections during pregnancy have long been known
to cause congenital defects. In the classic example of con-
genital rubella syndrome, the observation of seven babies
with congenital cataracts and patent ductus arteriosus born
to women infected with rubella during pregnancy in 1941
resulted in closer inspection of congenital defects in patients
with similar gestational histories [24]. This eventually led
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First-Trimester CVB Exposure by Serotype in Study Cohort
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Fig.3 A CVB infections observed in our cohort by serotype over the study period. Serotypes are not mutually exclusive. B CVB infections
reported to the National Enterovirus Surveillance System in the United States between 2006 and 2016, by serotype

to the identification of rubella as the causative agent behind
other congenital lesions, including pulmonary valve and
artery anomalies, as well as congenital deafness, culminating
in the creation of the rubella vaccine and subsequent vacci-
nation campaign aimed at eradicating congenital rubella syn-
drome [25, 26]. Similar studies focused on a possible asso-
ciation between gestational CVB infection and CHD were
undertaken by Gordon et al. in the 1960s [11]. In a study
analyzing the sera of 22,935 pregnant women, Gordon et al.
found significantly higher rates of gestational CVB3 [10.1%
(14/139) vs. 2.7% (7/262)] and CVB4 [19.4% (27/139) vs.
11.1% (29/261)] infection among mothers of babies with
CHD compared to propensity-matched healthy controls. The
most common CHD in this cohort included VSD and patent
ductus arteriosus, followed by atrial septal defects, tricuspid,
and aortic atresia. Although the study does not mention how
CHD were diagnosed, these were likely established clini-
cally or with B-mode echocardiography, given the technol-
ogy available [27]. At the time, fetal echocardiography had
yet to be developed [27], and echocardiographic assessment
of the pulmonary valve would not be achieved until 1972
[28], limiting the study’s results and possibly explaining the
absence of pulmonary valve anomalies.

In our murine model of gestational CVB3 infection, the
most prevalent CHD were VSD and abnormal myocardial
architecture similar to ventricular non-compaction [16].
The abnormal myocardial architecture found in our murine
model may be indicative of a pathological mechanism
similar to the one observed in the formation of coronary
sinusoids. In the case of coronary sinusoids, the coronary
arteries form abnormal connections with the intertrabecular
spaces of the ventricle, effectively connecting the epicar-
dial coronary vessels with the ventricular lumen through
defects in the myocardial architecture [29]. These defects
have been mainly associated with PA/IVS and HLHS AA/
MS subtype, although they can also be present in other CHD

[30]. Coronary sinusoids have been hypothesized to arise
from two distinct mechanisms. In the first, increased ven-
tricular pressure in the setting of PA is purported to result
in dilation of the intertrabecular spaces, and thus, abnormal
ventriculocoronary connections [31]. Conversely, the second
mechanism posits that coronary sinusoids are the primary
defect and form independent of any ventricular outflow tract
anomalies [31]. Although this second instance has been the-
orized to result from a second heart field defect, no causative
agent has been identified [32]. Our murine study found that
CVB infection suppressed cardiomyocyte proliferation, and
we believed this accounted for both the presence of septal
defects as well as abnormal myocardial architecture [16]. In
light of our clinical findings, we are currently re-examining
our murine samples for intramyocardial coronary vascular
architecture, as these can be subtle or difficult to tease apart
in the setting of altered trabeculation without specific stain-
ing for endothelial and coronary markers.

Pulmonary atresia, the second most common CHD among
women with potential first-trimester CVB exposure in our
cohort, can be an acquired lesion in babies with twin-twin
transfusion syndrome [33]. Although the mechanism behind
the observed lesion in these patients has not been clearly
elucidated, it highlights the possible role of environmental
factors in the pathogenesis of PA [34]. Notably, while older
congenital rubella studies describe patent ductus arterio-
sus as the most common CHD, more recent studies have
also found a high prevalence pulmonary valve and artery
anomalies [35, 36]. Indeed, persistent patent ductus arterio-
sus may be an artifact of greater number of premature births,
which can occur in the setting of congenital rubella. In coun-
tries where this disease has not been eradicated, congeni-
tal rubella remains one of the most important risk factors
for right ventricular outflow tract obstruction [36]. These
defects have been suggested to occur from the impairment of
cardiac development, rather than direct myocardial damage
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[37, 38]. An analysis of autopsy samples from babies with
fatal congenital rubella syndrome found high expression of
rubella antigens in myocardial and adventitial fibroblasts in
samples taken from the heart, aorta, and pulmonary arter-
ies, with no evidence of myocardial damage [39]. Given the
results of our murine study, a similar mechanism, where
CVB infection impairs the development of the fetal heart,
may be responsible for the pulmonary valve anomalies
observed in women with CVB exposures during early ges-
tation. Moreover, the increased expression of CAR during
fetal development [40] provides a plausible mechanism for
CVB infection of the myocardium during a critical period
of gestation, interfering with cardiogenesis and thus result-
ing in CHD.

Serologic testing is a well-established method of detect-
ing viral exposure or prior infection, even in asymptomatic
patients or those with mild symptoms [41]. Early studies of
the role of viruses, such as rubella or cytomegalovirus infec-
tions, in the pathogenesis of congenital defects often relied
on serologic testing [42, 43]. Indeed, a 1972 study found
serological evidence of CVB infection in 36.7% (51/139)
of women who gave birth to babies with CHD, compared
to 26.7% (70/262) of healthy controls [22]. Interestingly,
this study also reported that co-infection by more than one
CVB serotype increased the teratogenic effect of gestational
CVB infection. In our study, 38.5% (10/26) of women with
evidence of CVB infection had neutralizing antibodies for
more than one serotype. Co-infection was most likely to
occur with CVB3, with 90% (9/10) of women infected with
multiple serotypes presenting neutralizing antibodies against
CVB3. While coinfection with different enterovirus sero-
types has been described, data regarding coinfection during
pregnancy is scarce [9, 23, 44]. We did not observe any dif-
ferences in CHD between women infected with a single or
multiple CVB serotypes.

Finally, despite well-documented evidence of seasonal
infection patterns among different enteroviruses [17, 45],
we did not observe any pattern between CVB infection and
observed CHD, likely due to our sample size. The prevalence
of infections by specific serotypes observed in our cohort for
the most part coincided with those reported by the NESS
[18-20]. Notably, although CVB1 was the most common
serotype reported in the United States over our study period,
it was the least common serotype in our cohort. This was
primarily due to an outbreak of severe neonatal CVB1 infec-
tion in the United States in 2007 and 2008, during which
women experienced symptomatic third-trimester infections
and the majority of infected neonates suffered from myocar-
ditis [46]. We did not observe any CVB1 infections in 2007,
possibly because only four patients were enrolled that year;
however, both women with evidence of CVB exposure in
2008 had elevated neutralizing antibodies against CVB1.

@ Springer

Unfortunately, our sample size precludes us from drawing
associations between specific CHD and CVB serotypes.

This study has several limitations. One of the most impor-
tant is the small sample size, with only 98 subjects meet-
ing the inclusion criteria. Of the 13 babies with genetic
anomalies of unknown clinical significance, only one had
potential first-trimester CVB exposure using our criteria.
Our seasonality analysis was also limited by the small sam-
ple size. While the NESS provides the most comprehensive
data regarding CVB infection in the United States, it relies
on voluntary reports provided by participating laborato-
ries. Thus, this data may be skewed towards more severe
CVB infections mainly affecting newborns, complicat-
ing the assessment of seasonal trends for asymptomatic or
minor infections that may nevertheless harm the developing
embryo. Another important limitation was the heterogene-
ity of the CHD observed among enrolled babies, resulting
in relatively small sample sizes for each specific defect.
The goal of this study was to explore possible associations
between specific cardiac defects and early gestational expo-
sure to CVB, rather than to prove direct causation of CHD
by CVB infection. Given our institution’s status as a tertiary
referral hospital, there was also a clear bias towards complex
CHD. This is evidenced by the high prevalence of severe
defects, such as HLHS, within our cohort. Unfortunately,
fetal echocardiography is typically not performed until the
second trimester of pregnancy following initial detection
during routine obstetric ultrasound; consequently, another
limitation of our study was the absence of samples obtained
during the first trimester, which may have yielded important
evidence of CVB infection during this critical period. To
address these limitations, a larger prospective study of preg-
nant women with and without CHD-affected pregnancies is
warranted. Ideally, this larger study would obtain samples
during each trimester of pregnancy (with particular empha-
sis on the first trimester), comparing serologic data of those
affected by CHD to those with healthy babies. Collection of
stool samples, where enteroviruses can persist for several
weeks, compared to only a few days in the blood, as well as
serum samples at different points during pregnancy, with
the aim of comparing the viral serotypes and concentration
in the stool with serum antibody titers may further improve
future studies [23, 47]. Prior studies have suggested possible
associations between gestational CVB infection and neuro-
logical defects [10, 48—50], which is not surprising given
the increased expression of CAR in the fetal central nervous
system [13]. Although the focus of our study was solely on
CHD, future studies may benefit from assessing the role of
maternal CVB exposure on neurological defects.

Given the pervasiveness of enteroviral infections in the
general population, their incidence during pregnancy may
be vastly underestimated. Thus, the magnitude of their
potential role in the etiology of CHD, especially in the
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case of simple defects that may not be diagnosed until after
birth, is currently not known. Results from this exploratory
study, as well as our murine model of gestational CVB
infection, suggest that CVB infection during pregnancy
may contribute to the burden of CHD in affected babies.
Large prospective studies, with samples collected during
the first trimester, are necessary to validate our findings.
Confirmation of our findings in a larger cohort would pro-
vide a promising target for prevention of CHD, mitigat-
ing the impact of CVB-associated CHD through public
health measures, including screening, patient education,
and potential vaccine development. Finally, additional
analyses are needed to identify specific risk factors for
increased susceptibility to these infections in women of
childbearing age.
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