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Abstract

Background: Critical congenital heart defects (CCHDs) are associated with considerable
morbidity and mortality. This study estimated survival of children with nonsyndromic CCHDs
and evaluated relationships between exposures of interest and survival by CCHD severity
(univentricular or biventricular function).
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Methods: This analysis included 4380 infants with CCHDs (cases) born during 1999-2011

and enrolled in the National Birth Defects Prevention Study, a multisite, population-based case—
control study of major birth defects. Cases were linked to state death files. Nonparametric Kaplan—
Meier survival functions were used to estimate 1- and 5-year survival probabilities overall and

by severity group (univentricular/biventricular) stratified by demographic and clinical exposure
variables of interest. The log-rank test was used to determine whether stratified survival curves
were equivalent. Survival and 95% confidence intervals (Cls) were also estimated using Cox
proportional hazards modeling adjusted for maternal age, education, race/ethnicity, study site, and
birth year.

Results: One- and five-year survival rates were 85.8% (CI 84.7-86.8) and 83.7% (Cl 82.5-84.9),
respectively. Univentricular 5-year survival was lower than biventricular case survival [65.3%

(Cl 61.7-68.5) vs. 89.0% (CI 87.8-90.1; p< 0.001)]. Clinical factors (e.g. preterm birth, low
birthweight, and complex/multiple defects) were associated with lower survival in each severity
group. Sociodemographic factors (non-Hispanic Black race/ethnicity, <high school education,
smoking, and lower household income) were only associated with survival among biventricular
cases.

Conclusions: Mortality among children with CCHDs occurred primarily in the first year of life.
Survival was lower for those with univentricular defects, and social determinants of health were
most important in predicting survival for those with biventricular defects.

Keywords

CCHD severity; critical congenital heart defects; early childhood mortality; National Birth Defects
Prevention Study; survival analysis

Introduction

Congenital heart defects (CHDs) are estimated to occur in 1% of all births in the United
States (Hoffman and Kaplan 2002; Reller et al. 2008) and are the most common cause of
infant mortality due to birth defects (Tsao et al. 2023). Approximately 25% of CHDs are
considered critical CHDs (CCHDs), requiring surgical or catheter intervention in the first
year of life (Mahle et al. 2009). Because of their association with considerable morbidity
and mortality, CCHDs are meaningful targets for early screening and intervention, and all
states now require universal pulse oximetry screening at birth in the hopes of improving
survival of those with CCHDs not detected prenatally (Abouk et al. 2017; Eckersley et al.
2016; Glidewell et al. 2019; Kemper et al. 2011).

Several studies in recent years assessed the survival of infants with CCHDs, most of which
focused on the period of infancy. Factors previously reported to be associated with reduced
survival among infants include earlier birth era, earlier age at diagnosis, low birthweight,
preterm birth, and the presence of extracardiac defects (Oster et al. 2013, 2014; Pace et

al. 2018). Survival has also been reported to differ by sociodemographic factors such as
maternal age, community-level economic disadvantages, maternal race/ethnicity, maternal
education, and marital status (Kucik et al. 2014; Oster et al. 2013; Pace et al. 2018).
However, associations between survival and sociodemographic characteristics may differ by
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defect severity (Pace et al. 2018). Studies that assessed early childhood survival beyond
infancy also reported similar clinical and sociodemographic risk factors, most notably earlier
birth era, extracardiac defects, birthweight, gestational age, and race/ethnicity (Fixler et al.
2010; Nembhard et al. 2010, 2011; Wang, Hu, and Druschel 2010; Wang et al. 2013, 2015).

Many studies of survival in early childhood have been limited to either single geographic
areas or inclusion of CCHDs lumped together with all birth defects or noncritical CHDs.
We aimed to estimate survival of children with nonsyndromic CCHDs during the first 5
years of life using data from a large national study including a comprehensive set of CCHD
phenotypes. We investigated factors that may increase the risk of mortality among infants
with CCHDs and also evaluated survival by severity, which can help to inform clinical
management and public health best practices.

2| Methods

2.1 | Study Population

Live-born infants with CCHDs (cases) were identified through the National Birth Defects
Prevention Study (NBDPS), a large, population-based multisite case—control study of major
structural birth defects in the United States (Reefhuis et al. 2015). Briefly, participating

sites ascertained potentially eligible cases through birth defects surveillance programs and
identified eligible cases in their study area through medical record review and abstraction.
Mothers of eligible cases who chose to participate completed a computer-based telephone
interview in English or Spanish within 24 months of delivery. The interview included
questions about the pregnancy; maternal health and pregnancy history; family demographics;
nutritional, behavioral, and occupational exposures; use of over-the-counter and prescription
medications, vitamins, and supplements; and a variety of environmental exposures. The
NBDPS was approved by the Centers for Disease Control and Prevention Institutional
Review Board (IRB) as well as the local IRBs for each participating site. This analysis
included live-born infants with a CCHD delivered January 1, 1999, through December 31,
2011, from the following study sites: Arkansas (statewide), California (selected counties),
Georgia (selected counties), lowa (statewide), Massachusetts (selected counties), New York
(selected counties), North Carolina (selected counties; 2003-2011 only), and Texas (selected
counties). Available data on noninterviewed study-eligible CCHD cases were also included.

2.2 | Case Classification

The following 12 CCHDs were included in this analysis: coarctation of the aorta (COA),
double outlet right ventricle (DORYV), dextro-transposition of the great arteries (d-TGA),
Ebstein anomaly (EA), hypoplastic left heart syndrome (HLHS), interrupted aortic arch
(IAA), pulmonary atresia (PA), single ventricle (SV), total anomalous pulmonary venous
return (TAPVR), tetralogy of Fallot (TOF), tricuspid atresia (TRIATR), and truncus
arteriosus (TRUNC). Clinical information abstracted for each case was reviewed by

a clinical geneticist; cases with single-gene conditions or chromosomal abnormalities

were excluded. Interviewed cases were classified as either isolated, multiple, or complex
(Rasmussen et al. 2003). Isolated cases had only one major defect diagnosed or two or more
major defects diagnosed that were all part of the same organ system or developmentally
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related to one other (i.e. isolated CCHDs could have more than one heart defect but did

not have unrelated extracardiac defects). Multiple defect cases had at least one unrelated
noncardiac birth defect in addition to the CCHD. Cases were considered “complex” if they
had a previously described pattern of embryologically related major defects present, such as
vertebrae, anus, cardiac, trachea, and limbs or VACTERL. For this analysis, CCHD cases
were further categorized by severity as univentricular (HLHS, SV, TRIATR) or biventricular
(d-TGA, COA, DORV, EA, IAA, TAPVR, TOF, TRUNC), with defects of univentricular
function having the greatest severity and a higher risk of complications (Pace et al. 2018).
PA (which included both PA with ventricular septal defect and PA with intact ventricular
septum) in the absence of other CCHDs was excluded from these subgroupings due to
variability in severity of this defect. Cases with more than one CCHD were categorized as
univentricular or biventricular based on the defect with highest severity.

2.3 | Linkage to Death Records

All study sites provided data on infant mortality up to 1 year of age, and all but California
provided mortality data for up to 5 years of age. Each study site linked their cases to

state death files to identify deaths. Most sites used a probabilistic linkage method (with the
exception of Texas, which used deterministic linkage). For cases that matched to a death
record, the date of death, manner of death, state of death, and underlying cause of death
were documented, as available. Early childhood survival during the first 5 years of life was
assessed, as well as survival for the following intervals: <1 day, <7 days, <28 days, <1 year,
<2 years, <3 years, and <4 years.

2.4 | Exposure Variables

Clinical and demographic information was obtained from the maternal interview and from
abstracted medical record information provided by each site’s birth defects surveillance
program. Clinical information on the infant included sex (male or female), defect
classification (isolated or multiple/complex), gestational age at delivery (<32, 32-36, or
>37 weeks), birthweight (<1500, 1500 to <2500, 2500 to <4000, or 24000 g), small for
gestational age (SGA) (birthweight <10th percentile for gestational age based on published
growth curves [Overpeck et al. 1999; Zhang and Bowes 1995]), plurality (singleton or
multiple), season of birth (winter = December—February, spring = March—May, summer =
June—August, or fall = September—November), first degree family history of CHD (yes or
no), time period of birth (1999-2002, 2003—-2005, 2006—2008, or 2009—-2011), and timing of
CHD diagnosis (prenatal or postnatal). Cases were considered prenatally diagnosed if there
was a diagnostic fetal echocardiogram before birth noted in the infant’s abstracted medical
record information.

Parental demographic characteristics evaluated for potential associations with survival
among CCHD cases included maternal and paternal age at delivery (<20, 20-25, 26-35,

or >35 years), self-reported maternal race/ethnicity (non-Hispanic White, non-Hispanic
Black, Hispanic, or other), maternal nativity (US-born and non-US-born), maternal primary
language spoken at home (English or other), maternal education at delivery (<high school,
high school, or >high school), and household annual income (<$10,000, $10,000-$50,000,
or >$50,000). Maternal exposure data evaluated were number of previous live births and
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stillbirths (0 or =1), prepregnancy body mass index (BMI; underweight <18.5, normal
weight 18.5 to <25, overweight 25 to <30, or obese >30 kg/m?), diagnosis of preexisting
type 1 or type 2 diabetes, periconceptional (1 month prior to conception through the

first trimester) use of tobacco or alcohol (any, none), and use of folic acid-containing
supplements (none, <1 per day, or daily) or folate antagonist medications around the time of
conception (1 month prior to the index pregnancy through the first month of pregnancy).

In addition, we examined information obtained from surveillance systems for CCHD

cases that were eligible for NBDPS but did not participate in the maternal interview.

For these noninterviewed cases, available data included infant sex, gestational age at
delivery, plurality, season of birth, time period of birth, study site, maternal age at delivery,
and maternal race/ethnicity. We categorized these cases into the same univentricular

and biventricular groups as interviewed cases, based on the CCHD diagnoses that were
documented. A clinical geneticist at each site reviewed clinical information on all cases to
confirm eligibility and diagnoses (including CHD phenotypes); however, cases that were not
interviewed were not classified further into isolated, multiple, or complex categories.

25| Statistical Analysis

Demographic and clinical characteristics were examined for CCHD cases overall and
stratified by biventricular or univentricular severity group. We considered differences of
>5% between groups to be meaningful. Survival and cumulative incidence curves for each
CCHD type were estimated using the Kaplan—Meier survival function. Estimated survival
probabilities were calculated for 1 day, 7 days, 28 days, and annually for 1-5 years of

life. Five-year survival (with length of follow-up terminated by death or censoring at age
5 years) was estimated for each severity group stratified by each demographic and clinical
exposure variable of interest for cases with nonmissing data for the exposure variable. The
log-rank test was used to determine whether the stratified survival curves were equivalent.
Proportional hazards assumptions were assessed, and when appropriate, Cox proportional
hazards models were used to examine associations between exposures of interest and
survival among children with biventricular and univentricular defects. Hazard ratios (HRS)
and corresponding 95% confidence intervals (Cls) were adjusted for the following variables
selected a priori as potential confounders: maternal age at delivery, maternal race/ethnicity,
maternal education at delivery, study site, and year of birth. Maternal race/ethnicity,
maternal education and age at delivery, and time period of birth were also examined as
exposures of interest, in which case all other potential confounders except the factor of
interest were adjusted for. To investigate the potential for selection bias due to including
only cases that participated in the maternal interview, we compared the distributions of
available covariates between interviewed and noninterviewed case groups and compared
survival curves between groups using a log-rank test for equivalence. Analyses were
conducted in SAS version 9.4 (SAS Institute Inc., Cary, NC).

3| Results

There were 6862 live-born CCHD cases eligible for the NBDPS. Mothers of 4380 CCHD
cases (3346 biventricular and 894 univentricular, excluding PA in the absence of other
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CCHDs) participated in the NBDPS interview and were included in the primary analysis.
Among these CCHD cases, 85.7% were classified as isolated and 14.3% as multiple/
complex defects, with little variation between bi- and univentricular CCHD (Table 1). A
prenatal CHD diagnosis was documented for 11.5% of biventricular cases and 25.1% of
univentricular cases. Higher proportions of biventricular cases than univentricular cases had
a maternal education at delivery greater than high school and household annual income
>$50,000. Other clinical and demographic characteristics were similar between bi- and
univentricular groups.

3.1| Survival Probabilities in Infancy and Early Childhood

Estimated survival among included CCHD cases was 85.8% at <1 year (95% CI 84.7-86.8;
662 deaths) (Table 2). Among the 3723 cases that were linked to death records to age

5 years, there were 541 deaths during infancy and 64 additional deaths by age 5, for an
overall 5-year survival estimate of 83.7% (95% CI 82.5-84.9) (Table 3). Of those cases that
survived infancy, 98.0% survived to 5 years. HLHS cases had the lowest survival probability
at 5 years (54.6%, 95% CI 49.7-59.3) and throughout most of early childhood, beginning

in the early neonatal period (<7 days), whereas COA cases had the highest survival rate
(93.7%, 95% CI1 91.8-95.2 at age 5 years). Five-year survival was significantly lower for
univentricular cases (65.3%, 95% CI 61.7-68.5) compared to biventricular cases (89.0%,
95% CI 87.8-90.1; p< 0.001, Figure 1).

3.2 | Biventricular Cases

For cases with biventricular CCHDs (the lower severity grouping), the clinical factors most
strongly associated with 5-year survival were gestational age and birthweight, with the
lowest survival among cases with the earliest gestational age at delivery (HR 6.12, 95%

Cl 4.31-8.68 for <32 weeks compared to term) and lowest birthweight (HR 5.56, 95% CI
3.89-7.95 for <1500 g compared to normal birthweight) (Table 4). Other factors associated
with reduced survival included SGA (HR 2.02, 95% CI 1.54-2.64), plurality > 1 (HR 2.52,
95% CI 1.78-3.59), and having multiple co-occurring defects (HR 3.92, 95% CI 3.10-4.97
for multiple/complex vs. isolated classification). Infants diagnosed postnatally had better
survival than those noted to have a prenatal diagnosis (HR 0.48, 95% CI 0.34-0.67).

Several demographic and maternal exposures were also associated with survival among
cases with biventricular CCHDs. Survival at 5 years was lower among non-Hispanic Black
compared to non-Hispanic White cases (HR 1.54, 95% CI 1.08-2.20). Maternal education
less than high school (HR 1.45, 95% CI 1.03-2.03) and household income less than $10,000
per year (HR 1.71, 95% CI 1.13-2.59) were also associated with lower survival, whereas
survival was higher for cases in the maternal age group of 26-35 years (HR 0.69, 95% CI
0.52-0.91). Infants whose mothers reported smoking during the periconceptional period had
a lower survival rate than infants of nonsmokers (HR 1.34, 95% ClI, 1.02-1.77). Survival
probabilities were also higher for cases with paternal age 2635 years, English maternal
primary language, daily periconceptional use of folic acid-containing supplements, and no
maternal history of preexisting diabetes; however, these associations were attenuated in the
adjusted Cox models (Table 4). Survival estimates during infancy were similar to 5-year
results, although we observed additional associations with infant sex (female HR 1.29, 95%
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Cl 1.03-1.63 compared to males) and maternal prepregnancy BMI (underweight HR 1.62,
95% CI 1.01-2.57 compared to normal weight), and attenuated associations with maternal
age, maternal race/ethnicity, and maternal smoking (Table S1).

3.3 | Univentricular Cases

Among univentricular CCHD cases (the higher severity grouping), we observed no
demographic factors associated with 5-year survival—only clinical factors (Table 4). Like
the biventricular group, survival rates were lowest among infants born <32 weeks gestation
(HR 3.55, 95% CI 1.99-6.36), very low birthweight at <1500 g (HR 4.48, 95% CI 2.59—
7.73), SGA (HR 1.52, 95% CI 1.13-2.05), or with extracardiac birth defects (HR 2.09,

95% CI 1.54-2.85). Compared to infants with a prenatal CHD diagnosis, survival rates were
higher for those diagnosed postnatally (HR 0.73, 95% CI 0.53-1.00). Survival curves also
differed by maternal use of alcohol and folate antagonist medications, but these associations
were attenuated after adjustment (Table 4). Results were similar for 1-year survival estimates
(Table S1).

3.4 ] Noninterviewed Cases

Of the live-born CCHD cases eligible for NBDPS, 64% participated in the maternal
interview. To examine the potential for selection bias due to nonparticipation, distributions
of available clinical and demographic characteristics were compared between the 4380
interviewed cases enrolled in NBDPS and the 2482 noninterviewed cases that were eligible
for the study (Table S2). A greater proportion of interviewed CCHD cases were born at
term (82.1% of interviewed cases vs. 76.6% of noninterviewed cases) and had non-Hispanic
White maternal race/ethnicity (54.9% of interviewed cases vs. 46.2% of noninterviewed
cases). There was also some variation in interview participation by study site and time
period of birth. In the biventricular CCHD group, survival was significantly lower for
noninterviewed cases at both 1 year (p = 0.009, Figure S1) and 5 years (p=0.002; Figure
S2). However, survival probabilities among univentricular CCHD cases did not differ by
interview participation status.

4| Discussion

This study estimated survival of children with CCHD up to age 5 years and identified
factors associated with increased risk of mortality overall and by severity (biventricular

vs. univentricular). Risk factors differed by severity subgroups. Although infant clinical
factors such as gestational age and birthweight were predictors of survival for both groups,
sociodemographic factors including maternal race/ethnicity, maternal age and education at
delivery, and household income were only associated with survival among biventricular
cases. Maternal smoking during pregnancy was also associated with reduced survival for
biventricular cases. Demographic and maternal characteristics were not associated with
survival for the higher-severity case group with univentricular CCHDs, potentially because
the clinical severity of disease outweighs these other risk factors. Pace et al.’s (2018)
analysis of factors associated with infant mortality among CHD cases in North Carolina
similarly found that survival for univentricular heart defects was largely unassociated with
sociodemographic factors, whereas survival for defects of lesser severity (biventricular
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CCHDs and noncritical heart defects) was associated with a number of factors including
race/ethnicity, maternal education, and marital status. Sociodemographic characteristics may
reflect resource availability and institutional disparities affecting access to care, social
supports, and the built environment. Although social determinants of health have been
linked to mortality and other adverse outcomes for individuals with CHDs in many studies
(Davey et al. 2021), these types of social and structural factors may have a greater impact on
mortality risk for children with less severe defects.

Our finding that most deaths (89%) in early childhood occurred during infancy is consistent
with a recent meta-analysis on long-term survival of individuals with CHDs, in which
approximately 90% of early childhood deaths occurred by age 1 (Best and Rankin 2016). A
study of 5-year survival of infants with functional single ventricle CCHDs also showed that
most deaths occurred in the first year, a time period during which these infants must undergo
high-risk surgical procedures (Fixler et al. 2010). Survival at all time points was significantly
lower for univentricular CCHDs, largely driven by mortality among HLHS cases, which are
typically responsible for 25%-40% of neonatal cardiac deaths (Siffel et al. 2015).

Infant clinical factors were significantly associated with survival among both biventricular
and univentricular CCHD cases in this study. Survival rates were lowest for cases with
multiple or complex defects and among those born at the earliest gestational ages and lowest
birthweights. These risk factors have been well-documented in population-based studies of
CHDs and other birth defects (Best, Tennant, and Rankin 2017; Nembhard et al. 2010;
Steurer et al. 2018; Wang, Hu, and Druschel 2010). For the biventricular cases, plurality

and prenatal diagnosis were also associated with reduced survival. Plurality (i.e. multi-fetal
gestation) is a well-established risk factor for infant morbidity and mortality (Alexander et
al. 2005). Paradoxically, prenatal diagnosis has previously been found to be associated with
lower survival rates for infants with isolated CCHDs, possibly driven by more severe disease
among cases that are diagnosed prenatally (Oster et al. 2014). In a prior study of CHDs

in the NBDPS, CHD complexity and the presence of extracardiac defects were associated
with prenatal diagnosis (Ailes et al. 2014). In our analysis, the rate of prenatal diagnosis

for univentricular CCHDs was more than twice that of biventricular CCHDs. Although we
analyzed univentricular and biventricular cases separately, there was still some variability

in mortality across individual CHDs within these groups (e.g. lower survival for truncus
arteriosus in the biventricular group and relatively higher survival for tricuspid atresia in

the univentricular group), suggesting additional heterogeneity in risk within the severity
classification.

Demographic factors including maternal age at delivery, maternal race/ethnicity, household
income, and maternal education at delivery were associated with 5-year survival among
biventricular CCHD cases but not univentricular ones. We observed higher survival rates
among cases with maternal ages between 26 and 35 years. Other studies have reported
younger maternal age to be associated with better survival (Oster et al. 2014). We also
observed that children born to non-Hispanic Black mothers had the lowest survival of the
racial/ethnic groups examined, consistent with several prior studies of CHDs and other birth
defects (Fixler et al. 2010; Nembhard et al. 2010, 2011; Pace et al. 2018; Wang et al.

2013, 2015). Some studies additionally reported higher mortality among cases of Hispanic

Birth Defects Res. Author manuscript; available in PMC 2024 November 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Forestieri et al.

Page 9

ethnicity for certain defects (Fixler et al. 2010; Nembhard et al. 2010, 2011); however, we
did not see this association in our study. Lower household income and maternal education
less than high school were also associated with reduced survival. These factors have
previously been associated with mortality at the census-tract level as well, persisting even
after adjustment for individual characteristics including maternal race, nativity, education,
age, birthweight, parity, and infant sex (Kucik et al. 2014).

Of the maternal health exposures examined, maternal smoking during the periconceptional
period was the only factor associated with reduced survival after covariate adjustment,
though we observed this among cases with biventricular but not univentricular CCHDs.
Maternal smoking during pregnancy is a known risk factor for infant mortality, with SGA
thought to be the primary mechanism for increased risk (Salihu et al. 2003). To our
knowledge, prior research has not investigated this association among infants with heart
defects. Maternal periconceptional smoking has been associated with the occurrence of
multiple types of CHDs in the NBDPS and other studies (Bolin et al. 2022; Lee and Lupo
2012; Malik et al. 2008), but these studies did not examine mortality outcomes.

Strengths of this study include the large, multisite population-based sample of the NBDPS,
with CCHDs classified by clinicians with expertise in pediatric cardiology. Classifications
incorporated phenotype, complexity, and the presence of extracardiac anomalies. We were
able to examine survival by specific types of CCHDs and to separately evaluate survival
among higher-severity univentricular and lower-severity biventricular groups. In addition,
the NBDPS maternal interview includes a breadth of individual-level exposure information.
We included a number of maternal and infant clinical and sociodemographic factors in this
analysis, some of which have been previously explored in relation to CCHD prevalence

but not CCHD mortality, such as maternal BMI, preexisting diabetes, and periconceptional
smoking, folic acid supplementation, and folate antagonist medication use.

There are also some limitations of this analysis. Although case classification in the NBDPS
was designed to facilitate etiologic analyses, factors associated with the prevalence of
congenital heart defects may be different than those associated with survival. We grouped
CCHDs by severity based on univentricular and biventricular function, but the sample size
of the univentricular group was small relative to the total number of cases, and there was
some variation in survival among the defects in each of these groups. Mothers of the highest
risk infants (including deceased infants) may have been less likely to participate in the
interview. Among biventricular cases, we found slightly lower survival for noninterviewed
cases compared to those who were interviewed, though we did not see this for univentricular
cases. Deaths were ascertained from state death files within each study site. Although infant
deaths are routinely sent to the jurisdiction of birth, some deaths after age 1 year may not
have been identified due to migration of families out of state, name changes, or missing
information on other variables used for linkage. Under this scenario, our results may be
biased if out-of-state migration is related to severity or other important factors in our study,
such as demographic characteristics. In addition, we were unable to investigate causes of
death in this analysis. Although participating sites provided the underlying cause of death for
cases linked to death certificates, we did not have information on immediate or additional
contributing causes of death. Future studies evaluating causes of death in conjunction with

Birth Defects Res. Author manuscript; available in PMC 2024 November 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Forestieri et al.

Page 10

factors associated with CCHD mortality would be informative for prevention efforts. Since
our intent was to leverage pooled data across the NBDPS, we also did not analyze results
separately by site (though we did adjust for study site in our proportional hazards models)
and recommend that future work investigate geographic differences in mortality as well.

We evaluated survival of children with nonsyndromic CCHDs during the first 5 years of

life and identified several characteristics associated with higher mortality that differed by
univentricular (more severe) versus biventricular subgroup (less severe). These findings

can be used to inform clinical and public health best practices for targeted interventions

to reduce mortality, such as improved access to care. In addition to evaluating pregnancy-
related risk factors and promoting healthy behaviors before and during pregnancy (including
avoidance of smoking), services that assess and address social determinants of health may
influence survival, particularly for children with biventricular CCHDs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1].
Survival in early childhood (<5 years) among children with critical congenital heart defects

(CCHDs) enrolled in the National Birth Defects Prevention Study, by severity, 1999-2011.
Cases with more than one CCHD were categorized as biventricular or univentricular based
on the defect with highest severity. Pulmonary atresia was not included in biventricular/
univentricular groups. Excludes California. p < 0.001 (log-rank test).
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