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Abstract

Background: Critical congenital heart defects (CCHDs) are one of the most common types of
birth defects and can lead to significant morbidity and mortality along with surgical or catheter
interventions within the first year of life. This report updates previously published estimates
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of CCHD prevalence with the latest population-based surveillance data from 19 birth defect
surveillance programs.

Methods: The U.S. population-based surveillance programs submitted data on identified cases of
12 CCHDs and co-occurring cardiovascular and chromosomal birth defects from 2014 to 2018.
We estimated prevalence by program type and maternal and infant characteristics. Among nine
programs with active case ascertainment that collect more than live births, we estimated the
percentage of co-occurring cardiovascular and chromosomal birth defects for the 12 CCHDs.

Results: We identified 18,587 cases of CCHD among all participating programs. Overall CCHD
prevalence was 19.6 per 10,000 live births among all 19 programs and 20.2 per 10,000 live births
among active programs. Among maternal racial/ethnic groups, infants/fetuses born to American
Indian/Alaska Native mothers showed the highest overall prevalence for all CCHDs (28.3 per
10,000) along with eight of the 12 individual CCHDs. Among 7,726 infants/fetuses with CCHD
from active case ascertainment programs, 15.8% had at least one co-occurring chromosomal birth
defect.

Conclusion: Our study provides prevalence estimates for CCHDs by maternal and infant
characteristics along with co-occurrence with cardiovascular and chromosomal birth defects
among infants/fetuses with CCHD using one of the largest and most recent cohorts since the
implementation of widespread CCHD screening. These data can provide a basis for future research
to better understand risk factors for these defects.

INTRODUCTION

Congenital heart defects (CHDs) are the most common type of birth defects, affecting one in
110 births in the United States (U.S.) (Mai et al., 2012; Reller, Strickland, Riehle-Colarusso,
Mahle, & Correa, 2008). Critical congenital heart defects (CCHDs) comprise approximately
25% of CHDs and can lead to significant morbidity and mortality, requiring surgical or
catheter intervention within the first year of life (Mahle et al., 2009). When compared to
infants with noncritical CHDs, infants with CCHDs have a lower first year survival (77.2

vs. 91.7%) (Pace et al., 2018). A delayed diagnosis (after birth hospital discharge) may

lead to poorer outcomes, including increased morbidity and mortality (Mahle et al., 2009).
Consequently, the U.S. Department of Health and Human Services recommended screening
newborns for CCHDs using pulse oximetry in 2011, with all states adopting screening by
July 2018 (Martin et al., 2020).

The 12 most widely recognized and monitored CCHDs are coarctation of the aorta,

common truncus (also known as truncus arteriosus), dextro-transposition of the great arteries
(d-TGA), double outlet right ventricle (DORV), Ebstein anomaly, hypoplastic left heart
syndrome (HLHS), interrupted aortic arch (IAA), pulmonary valve atresia, single ventricle,
tetralogy of Fallot (TOF), total anomalous pulmonary venous connection (TAPVC), and
tricuspid valve atresia (Mai et al., 2019). Prevalence estimates of CCHD in the U.S. range
from 15.6 to 19.9 cases per 10,000 live births (Mai et al., 2019; Oster et al., 2013; Reller

et al., 2008). These CCHDs are also the primary targets of CCHD screening using pulse
oximetry (Oster et al., 2016).
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While national and state-specific prevalence estimates and risk factors are well documented
in the literature for CHDs, there have been fewer population-based studies of CCHDs. In
2012, the National Birth Defects Prevention Network (NBDPN) published a brief report on
state-based prevalence and variability estimates of seven CCHDs based on population-based
birth defects surveillance data from 2005 to 2009, prior to the widespread implementation
of newborn CCHD screening (Mai et al., 2012). The objective of this study is to update
these estimates with the latest population-based surveillance data from 19 participating
birth defect surveillance programs. In addition, we further explore CCHD prevalence

by maternal demographics and examine co-occurring cardiovascular and chromosomal
congenital anomalies.

2| METHODS

As a special call for data for the NBDPN, state-based and territorial birth defects
surveillance programs were invited to report expanded data on infants/fetuses diagnosed
with CCHDs. The call for data was open to programs using passive or active case
ascertainment methods. Active case ascertainment methods include the review of discharge
diagnostic codes and hospital-specific case lists from obstetrical, neonatal, surgical, and
pathology services. Following initial identification of cases, medical records are abstracted
from hospitals and other sources (e.g., genetics laboratories), which are then reviewed to
confirm the report and ensure accurate defect classification. Passive case ascertainment
relies on reporting by physicians or hospitals, or on linkage of existing administrative health
data sources, such as hospital discharge and claims data, to identify cases. Some passive
programs also conduct follow-up medical records review.

We requested information on infants/fetuses diagnosed with the following 12 CCHDs:
coarctation of the aorta, common truncus, d-TGA, DORYV, Ebstein anomaly, HLHS,

IAA, pulmonary valve atresia, single ventricle, TOF, TAPVC, and tricuspid valve atresia.
Surveillance programs identified these cases using the diagnosis guidelines outlined in Table
1 based on diagnostic codes from the International Classification of Diseases, ninth revision,
Clinical Madification (ICD-9-CM), International Classification of Diseases, 10th revision,
Clinical Modification (ICD-10-CM), and Centers for Disease Control and Prevention/British
Pediatric Association (CDC/BPA) coding systems (Table 1). Cases that were reported with
TOF and any of its components (ventricular septal defect [VSD], pulmonary stenosis,
overriding aorta, right ventricular hypertrophy) were counted only as TOF and not as

any of the component defects. Programs were asked to submit data on any co-occurring
birth defects in the cardiovascular (ICD-9-CM/BPA 745-747 and ICD-10-CM Q20-Q28)
and chromosomal (ICD-9-CM/BPA 758 and ICD-10-CM Q90-Q99) systems collected for
these infants and fetuses, including major and minor defects. We also requested case-level
information by year of birth, maternal race/ethnicity, maternal age at delivery, infant sex,
pregnhancy outcome, birth weight, and gestational age at delivery. Data were submitted by
birth defects surveillance programs to the Centers for Disease Control and Prevention (CDC)
for cleaning and analysis.
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Analyses

We estimated the prevalence of each of the collected CCHDs overall and stratified by

case ascertainment method, maternal race/ethnicity, maternal age, and infant sex. We report
prevalence estimates as the number of infants and fetuses with each CCHD per 10,000 live
births. Those with more than one CCHD are included in the counts for each of their defects.
We limited analyses of co-occurring birth defects to programs with active case ascertainment
methodology that collected pregnancy outcomes beyond live births (including stillbirth,
termination, and/or unspecified nonlive birth). We also limited our co-occurrence analyses to
infants and fetuses with a gestational age =20 weeks at delivery or pregnancy end; for those
missing data on gestational age, we required a birth weight of >350 g, whereas those missing
both gestational age and birth weight were excluded from analysis.

Percent of co-occurring defects is reported as the number of infants and fetuses with the
defect per 100 infants with any CCHD or specific CCHD. Estimates were not calculated
where the NBDPN case definition stipulates that the two birth defects cannot be reported
together or where one condition is considered part of another, as noted for TOF above.

We used 95% confidence intervals (Cls) calculated by the exact Poisson methodology for
prevalence estimates and exact binomial methodology for percentages (Daly, 1992). Data
analysis was performed using SAS Version 9.4 (SAS Institute, Cary, NC). This activity was
reviewed by CDC, deemed public health surveillance, and was conducted consistent with
applicable federal law and CDC policy.l

RESULTS

We obtained data on infants and fetuses with CCHDs from 19 U.S. state-based and territorial
birth defects surveillance programs. These programs covered 9,469,325 total live births from
2014 to 2018. Figure 1 presents the variability in prevalence estimates for the included
surveillance programs. Table 2 presents counts, prevalence (per 10,000 live births), and 95%
Cls by case-finding methodology, maternal race/ethnicity, maternal age, and infant sex. For
the 12 targeted CCHDs, the estimated prevalence (per 10,000 live births) ranged from 0.6
(95% CI 0.5-0.6) for common truncus to 5.8 (95% CI 5.6-5.9) for coarctation of aorta.

The overall prevalence for any of the targeted 12 CCHDs was 19.6 (95% CI 19.3-19.9) per
10,000 live births (Table 2).

Overall prevalence for all targeted CCHDs was significantly higher among active
surveillance programs compared to passive surveillance programs (20.1 [95% CI 19.7-20.6]
vs. 19.2 [95% CI 18.8-19.6] per 10,000 live births, respectively), but this did not hold true
among all individual CCHDs. Active surveillance programs reported higher prevalences of
d-TGA, pulmonary valve atresia, and TAPVC, while passive surveillance programs reported
higher prevalences of coarctation of the aorta, HLHS, IAA, and single ventricle. Prevalence
did not vary by the case ascertainment method for the other CCHDs. The variability of
estimates by jurisdiction was largest for coarctation of the aorta and lowest for truncus
arteriosus (Figure 1).

1see for example, C.F.R. part 46.102(1)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. §552a; 44 U.S.C. §3,501 et. seq.
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We present counts, prevalence (per 10,000 live births), and 95% Cls by case-finding
methodology, maternal race/ethnicity, maternal age, and infant sex in Table 2. Among
maternal racial/ethnic groups, infants/fetuses born to American Indian/Alaska Native
mothers showed the highest overall prevalence for all CCHDs (28.3 per 10,000), as well

as for coarctation of the aorta, common truncus, DORV, Ebstein anomaly, pulmonary

valve atresia, TOF, TAPVC, and tricuspid valve atresia. Infants/fetuses born to white,
non-Hispanic mothers showed similarly high prevalence to those born to American Indian/
Alaska Native mothers for coarctation of the aorta. The lowest overall prevalence was
among infants/fetuses born to Asian or Pacific Islander, non-Hispanic mothers, who also had
the lowest prevalence for seven of the 12 examined CCHDs.

Overall prevalence for all targeted CCHDs was significantly higher for infants/fetuses born
to mothers age 35 and above. This observation held true for three of the defects—coarctation
of the aorta, DORV, and TOF—with the other defects showing similar prevalence for
infants/fetuses born to both younger and older mothers.

Male infants/fetuses had a significantly higher overall prevalence for all targeted CCHDs.
This held true for seven of the 12 targeted CCHDS—coarctation of the aorta, d-TGA,
DORYV, HLHS, single ventricle, TOF, and TAPVC—with the remaining five CCHDs
showing similar prevalence for both male and female infants/fetuses.

Table 3 shows overall prevalence among all targeted CCHDs for nine surveillance systems
who use active case-finding to monitor all pregnancy outcomes. Prevalence among maternal
racial/ethnic groups, maternal age at delivery, and infant sex showed the same trends as our
analysis of all reporting programs, with higher prevalence among infants/fetuses born to
American Indian/Alaska Native mothers, older mothers (age 35+), and male infants/fetuses.

The percentage of cardiovascular and chromosomal birth defects which co-occurred among
infants/fetuses with CCHD is presented in Table 4. Atrial septal defect (ASD) was the

most frequently co-occurring cardiovascular defect among infants/fetuses with any CCHD
(38.9%) and also the most frequently co-occurring cardiovascular defect with the following
10 specific CCHDs: coarctation of aorta (35.9%), d-TGA (47.0%), DORV (43.1%),

Ebstein anomaly (37.5%), HLHS (41.2%), pulmonary valve atresia (38.5%), single ventricle
(41.6%), TOF (32.3%), TAPVC (51.3%), and tricuspid valve atresia (47.5%). VSD was the
most frequently co-occurring cardiovascular defect with common truncus (44.5%) and I1AA
(64.7%). VSD co-occurred at a comparatively high rate among all targeted conditions except
TAPVC.

We identified 81 cases where pulmonary valve atresia was found to co-occur with tricuspid
valve atresia, representing 14.6 and 20.7% of those cases, respectively. Among single
ventricle cases, atrioventricular septal defect, d-TGA, and DORV co-occurred frequently.
Coarctation of aorta co-occurred frequently with HLHS, representing 10.6 and 23.2% of
their cases, respectively.

Among the 12 targeted CCHDs, 1AA (30.5%), common truncus (26.1%), and TOF (22.9%)
most frequently co-occurred with a congenital anomaly in the chromosomal range, while
d-TGA co-occurred least frequently with any chromosomal anomaly (5.8%). Among the
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five individual chromosomal birth defects examined in this analysis, deletion 22q11.2
comprised the largest proportion of cases with common truncus (13.7%), |AA (21.9%),
and pulmonary valve atresia (9.5%). Trisomy 18 co-occurred most frequently with DORV
(5.6%) and trisomy 21 (Down syndrome) co-occurred most frequently with TOF (8.6%).
Turner syndrome and trisomy 13 were the least common of the included chromosomal
disorders to co-occur with any of the CCHDs.

4| DISCUSSION

Our study included over 18,500 infants/fetuses with CCHD from 19 U.S. population-based
birth defect surveillance programs. These programs represent 48% of all U.S. live births in
this period. We found the overall prevalence of CCHDs to be 19.6 per 10,000 live births.
The prevalence of individual CCHDs ranged from 0.6 (common truncus) to 5.8 (coarctation
of the aorta) per 10,000 live births. Our point estimates are in line with previous national
estimates using a similar profile of surveillance programs (Mai et al., 2012, 2019). In
general, the range of variability in our prevalence estimates is much smaller than previously
measured in Mai et al. (2012). This may be an indication that case ascertainment for CCHDs
has improved in recent years, possibly as a result of increased screening (Martin et al.,
2020).

Our analysis supports the hypothesis that CCHD prevalence, like that for all CHDs,

is associated with various maternal demographic factors. CCHDs were associated with
advanced maternal age, especially for coarctation of the aorta, DORV, Ebstein anomaly,
and TOF. We also observed higher prevalence in male infants/fetuses than in females.
Additionally, our findings show a high prevalence of CCHDs among infants/fetuses born

to American Indian/Alaska Native mothers. Previous reports by Aggarwal et al. (2015)

and Canfield et al. (2014) show elevated prevalence in this group for limited individual
CHDs and CCHDs, but this is the most complete analysis of CCHDs by maternal race/
ethnicity to suggest this association with American Indian/Alaska Native mothers. This
higher prevalence of CCHDs may be related to inequitable distributions of resources by
race/ethnicity. Reduced access to nutritious diets, health care, and exposure to interpersonal
racism may lead to a greater exposure to factors which increase birth defect risks, such as
environmental toxins and certain maternal health conditions (Mitchell, Sangalang, Lechuga-
Pefia, Lopez, & Beccera, 2020). For example, Marengo et al. (2018) found a higher
prevalence of diabetes among American Indian/Alaska Native mothers (8%) compared to
white, non-Hispanic and Hispanic mothers (3.7 and 5%, respectively). In another recent
paper, Tinker et al. (2020) reported strong associations between several CCHDs included in
our analysis and maternal diabetes. Nonetheless, this is relatively a new finding and can be
further explored in future analyses.

Co-occurring cardiovascular defects were common among those with CCHDs. Specifically,
among CCHD cases reported by active surveillance programs, ASD (38.9%), and VSD
(21.7%) were the most frequent co-occurring cardiovascular defects. Indeed, all CCHDs

we examined had ASD, VSD, or both as the most commonly associated heart defects,

with an ASD present in approximately half of all cases of d-TGA, IAA, TAPVC, and
tricuspid atresia. The high prevalence of co-occurring septal defects among identified CCHD
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cases is likely the result of two key processes: first, a common developmental pathway

and, second, a strong survival advantage conferred by the septal defect (Mostefa-Kara,
Houyel, & Bonnet, 2018). For example, while tricuspid atresia may co-occur at random
with septal defects among embryos, those surviving to diagnosis are more likely to have a
septal defect or other defect (e.g., d-TGA), which provides a bypass for deoxygenated blood
around the absent tricuspid valve (Mostefa-Kara et al., 2018; Sumal, Kyriacou, & Mostafa,
2020). While the fetal circulatory pathways (i.e., foramen ovale and ductus arteriosus) help
bypass obstructions to pulmonary circulation, in infants without an additional bypass from
septal or other cardiac defects, the closure of these pathways after birth can lead to rapid
cardiovascular collapse (Remien & Majmundar, 2021; Sumal et al., 2020). However, infants
with such bypasses may seem normal after birth; it is these infants that pulse oximetry
screening aims to capture so that interventions can begin before complications arise (Oster et
al., 2016; Sumal et al., 2020).

From past reports, roughly 15% of CHDs are linked to chromosomal defects and syndromes
(Hartman et al., 2011; @yen et al., 2009), but there is much less data evaluating links
between CCHDs and chromosomal defects. Our analysis found 15% of CCHDs co-occurred
with a chromosomal defect and that IAA, common truncus, and TOF co-occurred most
frequently with chromosomal defects ranging from 22 to 30%. Among these defects, the
most commonly co-occurring chromosomal conditions were found to be deletion 22q11.2
and trisomy 21. This is consistent with previous reports finding that 75% of infants with
deletion 22¢11.2 co-occurred with CHDs and suggests that CCHDs may follow a similar
association (Marino et al., 2001; Ryan et al., 1997). Although CHDs are common features
of Turner syndrome and occur among nearly all infants/fetuses with trisomy 13, these
chromosomal disorders made up the smallest proportion of CCHD cases (Cramer, Bartz,
Simpson, & Zangwill, 2014; Kosiv, Gossett, Bai, & Collins, 2017). Trisomy 13 is the least
prevalent of the examined chromosomal disorders, so the low proportion among CCHD
cases is not unexpected (Mai et al., 2012). However, Turner syndrome is often diagnosed
after the first year of life so co-occurrence with CCHDs in this population of infants/fetuses
is likely underestimated (Apperley et al., 2018).

This report must be considered in the light of certain limitations. To increase the reliability
of our data, we restricted our case definition to all birth outcomes with 20 weeks or more
completed gestation. As a result, we know that we will have missed earlier fetal deaths

and terminations. Variations in case ascertainment methodology and anomalies collected

by the different state-based and territorial programs could contribute to variations in the
quantity and range of co-occurring defects reported. We attempted to limit this by restricting
our analyses of co-occurring defects to only include data from surveillance programs

with active case-finding methodologies. In addition, our analysis is limited to specific
cardiovascular and chromosomal anomalies commonly collected by the participating birth
defects surveillance programs. Finally, although the included registries cover a large portion
of U.S. births, they are not demographically representative of U.S. births.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stallings et al. Page 8

5| CONCLUSION

In one of the largest analyses of prevalence and co-occurrence in infants/fetuses with
CCHDs since the implementation of widespread CCHD screening, we confirmed several
previous associations and provided updated measures of prevalence by maternal and

infant factors along with measures of co-occurrence with cardiovascular and chromosomal
conditions. Given the significant morbidity and mortality associated with CCHDs, our
findings may help guide future research into updated risk factors for CCHDs and, ultimately,
improve diagnosis and surveillance strategies.
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FIGURE 1.
Distribution of critical congenital heart defect (CCHD) prevalence (per 10,000 live births)

by case-finding methodology for 19 U.S. population-based surveillance programs (programs
with active case-finding methodology: Arizona, California, Delaware, Georgia (Metropolitan
Atlanta), North Carolina, Louisiana, Minnesota, Puerto Rico, South Carolina, Texas, and
Utah.

Programs with passive case-finding methodology: Colorado, Florida, Illinois, Kentucky,
New Jersey, New York, Tennessee, and Virginia. Birth defect surveillance programs may
have modified the requested code ranges used to define a select defect as necessary.
Programs provided the code ranges used to define each birth defect where they differed
from those requested by the NBDPN (appendix 3.1). If a program defined a birth defect
using a different code range then the created estimates use the program-specific code range,
when no alternate code range was specified the NBDPN code range was used), 2014-2018
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