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Abstract

BACKGROUND: Limited population-based information is available on long-term survival of US 

individuals with congenital heart defects (CHDs). Therefore, we assessed patterns in survival from 

birth until young adulthood (ie, 35 years of age) and associated factors among a population-based 

sample of US individuals with CHDs.

METHODS: Individuals born between 1980 and 1997 with CHDs identified in 3 US birth defect 

surveillance systems were linked to death records through 2015 to identify those deceased and the 

year of their death. Kaplan-Meier survival curves, adjusted risk ratios (aRRs) for infant mortality 

(ie, death during the first year of life), and Cox proportional hazard ratios for survival after the 

first year of life (aHRs) were used to estimate the probability of survival and associated factors. 

Standardized mortality ratios compared infant mortality, >1-year mortality, >10-year mortality, 

and >20-year mortality among individuals with CHDs with general population estimates.
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RESULTS: Among 11 695 individuals with CHDs, the probability of survival to 35 years of 

age was 81.4% overall, 86.5% among those without co-occurring noncardiac anomalies, and 

92.8% among those who survived the first year of life. Characteristics associated with both infant 

mortality and reduced survival after the first year of life, respectively, included severe CHDs 

(aRR=4.08; aHR=3.18), genetic syndromes (aRR=1.83; aHR=3.06) or other noncardiac anomalies 

(aRR=1.54; aHR=2.53), low birth weight (aRR=1.70; aHR=1.29), and Hispanic (aRR=1.27; 

aHR=1.42) or non-Hispanic Black (aRR=1.43; aHR=1.80) maternal race and ethnicity. Individuals 

with CHDs had higher infant mortality (standardized mortality ratio=10.17), >1-year mortality 

(standardized mortality ratio=3.29), and >10-year and >20-year mortality (both standardized 

mortality ratios ≈1.5) than the general population; however, after excluding those with noncardiac 

anomalies, >1-year mortality for those with nonsevere CHDs and >10-year and >20-year mortality 

for those with any CHD were similar to the general population.

CONCLUSIONS: Eight in 10 individuals with CHDs born between1980 and 1997 survived to 35 

years of age, with disparities by CHD severity, noncardiac anomalies, birth weight, and maternal 

race and ethnicity. Among individuals without noncardiac anomalies, those with nonsevere CHDs 

experienced mortality between 1 and 35 years of age, similar to the general population, and those 

with any CHD experienced mortality between 10 and 35 years of age, similar to the general 

population.
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Congenital heart defects (CHDs) are the most common type of birth defect, affecting ≈1% 

of live births,1,2 and are the leading cause of birth defect–related mortality in the United 

States.3 However, due to advancements in medical and surgical management of CHDs, 

mortality rates have been declining,4 and >90% of individuals with CHDs in the United 

States are expected to survive to adulthood.5 Despite improvements in survival, several 

non-US studies suggest that those living with CHDs, especially severe CHDs, continue 

to experience higher rates of mortality than the general population.3,5–10 However, due to 

different cultures, health care systems, and health care accessibility, survival and mortality 

estimates from other countries may not be transportable to the US population.

A few studies have investigated CHD survival using US data. Spector et al11 linked patient 

data from the Pediatric Cardiac Care Consortium, a multicenter registry of pediatric patients 

undergoing cardiac surgery, to death records through 2014 from the National Death Index 

(NDI). They found elevated mortality (standardized mortality ratio=8.3) compared with the 

US general population. Another study by Oster et al12 identified CHD cases from a single 

birth defects registry in metropolitan Atlanta, GA, and linked them to state and NDI records. 

They reported that survival up to 27 years of age differed by CHD severity (comparing 

critical versus noncritical CHDs) in unadjusted analyses, but they did not compare overall 

mortality with that of the general population. A few studies have also examined trends 

in CHD mortality (deaths with a CHD documented as a cause of death) using US death 

record data.13–17 These studies noted that CHD mortality rates have been declining over 

time, and that disparities in CHD mortality persist by race, ethnicity, and sex, but they 
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could not include individuals with CHDs who died of other causes who did not have CHDs 

documented on their death certificates.

Previous literature describing survival among those with CHDs has been limited to 

individuals receiving surgery for their CHDs, born in a single metropolitan area, or with 

CHD only identified from their death certificate. Therefore, using data collected during the 

CH STRONG project (Congenital Heart Survey to Recognize Outcomes, Needs, and Well-

Being), our objective was to assess patterns in survival from birth until young adulthood and 

related factors and disparities among a population-based sample of individuals with CHDs 

born in 3 locations in the United States.

METHODS

Requests to access the data set from qualified researchers trained in human subject 

confidentiality protocols may be sent to the Centers for Disease Control and Prevention 

(CDC) at chstrong@cdc.gov.

Study Population From Population-Based Birth Defects Surveillance Systems

Individuals with CHDs were identified through population-based birth defects surveillance 

systems with active case-finding methods in Arizona, Arkansas, and Atlanta, GA, for 

the CDC-funded CH STRONG. Detailed methods of CH STRONG have been published 

previously.18 In brief, individuals born between 1980 and 1997 in the catchment area of each 

surveillance system were included if they had ≥1 CHD diagnosis codes (defined as 6-digit 

CDC-modified version of the British Paediatric Association [CDC/BPA] codes between 

745.000 and 747.9XX, excluding patent foramen ovale and some non-specific codes; Table 

S1).

These birth defects surveillance systems also collected data on diagnoses of other congenital 

anomalies (hereafter referred to as noncardiac anomalies) at the time of birth and up 

to 1 year (Arizona ), 2 years (Arkansas ), and 6 years (Georgia) there-after. Those 

with noncardiac anomalies were further grouped into those with genetic syndromes (any 

CDC/BPA diagnoses codes between 758.000 and 758.999, including Down syndrome) and 

those with other noncardiac anomalies (all other CDC/BPA diagnosis codes outside of 

745.000–745.9XX captured by the birth defect surveillance systems; eg, cleft lip-bilateral 

without cleft palate). In addition to diagnoses, information on year of birth, sex, birth 

weight, plurality, and maternal race and ethnicity were collected.

CHD Severity and Primary CHD Diagnosis

Using a previously published algorithm modified by CH STRONG clinicians for use with 

CDC/BPA codes,19 CHD severity was categorized by diagnosis code classification from 

most to least severe as: severe; shunt + valve; shunt (without valve); valve (without shunt); 

or other. Codes and lesion descriptions corresponding to each category can be found in Table 

S1 (eg, lesions classified as severe include single ventricle, coarctation of the aorta, and 

tetralogy of Fallot). For some analyses, severity was further collapsed into severe CHDs, 

and all other categories were combined as nonsevere CHDs. Each individual was assigned a 

primary CHD diagnosis. For individuals with multiple CHDs in different severity categories, 
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the most severe defect was considered their primary diagnosis. If individuals had multiple 

CHDs of similar severity, CH STRONG congenital cardiologists reviewed the case diagnosis 

codes to determine the primary diagnosis. If the clinicians determined that the individual had 

>1 primary diagnosis, then the primary diagnosis was categorized as “multiple” regardless 

of severity of the defects.

Linkage to Death Records

Each surveillance system linked the identified individuals with CHDs to their respective 

state death records through December 31, 2015, with manual verification. Linkage variables 

included subject name, sex, date of birth, and parent name(s). To collect out-of-state deaths, 

Arizona additionally linked to the NDI through 2015, and Atlanta linked to the NDI through 

2008. Arkansas Vital Records collected out-of-state deaths through an interstate exchange 

agreement. Individuals who were not linked to a death record were presumed to be alive 

and recruited to participate in a survey used in other CH STRONG analyses.20–22 For those 

determined to be deceased, only the year of death was provided by the surveillance systems. 

Due to institutional review board restrictions, more detailed information on date of death 

could not be shared across sites for inclusion in the CH STRONG data set.

Linkage to Decennial Census Data

Sites geocoded the residential address documented in each birth defect surveillance system 

to identify county of birth for individuals with CHDs, and then sites linked county-level 

information from the decennial census (1980 or 1990) occurring nearest the individual’s 

birth year. The following county-level information was obtained from the decennial census 

data and linked to each individual according to their county at birth: percentage of families 

with children <18 years of age in the county that were living in poverty; percentage of 

individuals ≥16 years of age in the county who were unemployed; percentage of individuals 

≥25 years of age in the county who completed a high school degree or higher; median 

household income of the county; and percentage of the county population living in a rural 

area (as defined by the US Census Bureau at https://www.census.gov/programs-surveys/

geography/guidance/geo-areas/urban-rural.html).

We created a county deprivation index for each individual using linked census information 

available in CH STRONG data for 4 county-level socioeconomic status indicators 

(percentage family poverty, unemployment, high school education attainment, and median 

household income). Z scores were calculated for each indicator by subtracting the mean 

value for all counties of birth in CH STRONG from each individual’s specific value for 

that indicator and dividing this by the standard deviation. Z score values for characteristics 

negatively associated with county deprivation (ie, median household income and high school 

education) were multiplied by −1 to change the direction of association, after which all 4 Z 
score estimates were summed to a singular county deprivation index value for that person. 

Finally, individuals were categorized into tertiles based on their county deprivation index 

value, with tertile 1 being the least deprived and tertile 3 the most deprived.
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Analyses

Characteristics among individuals determined to be deceased and those presumed to be 

alive were described in frequencies and percentages. Year of birth was subtracted from 

year of death to estimate age at death in years, and individuals presumed to be alive were 

censored from analyses as of December 31, 2015. Kaplan-Meier survival estimates by age 

of death through 35 years were calculated and plotted overall and by CHD severity and 

primary CHD diagnosis. Estimates conditional on survival to 1, 10, and 20 years of age were 

also calculated and plotted overall and by CHD severity. Kaplan-Meier survival estimates 

were also calculated and plotted by all other included characteristics from the birth defects 

surveillance system for individuals who survived to at least 1 year of life.

Of CH STRONG observations, 18.2% were missing data for characteristics of interest (ie, 

year of death n=357; sex n=17; birth weight n=728; maternal race=1131; and any county-

level census data n=580). To reduce potential bias in parameter estimation, strengthen the 

generalizability of the results, increase statistical power, and decrease standard errors,23 

the mice package24 of R software was used to conduct multiple imputation by chained 

equations. Multiple imputation using classification and regression trees was conducted 

with 20 imputations over 5 iterations using all included characteristics in the analysis. 

The imputed data were pooled and used for adjusted analyses accounting for the multiple 

imputed data sets.

Using pooled imputed data, characteristics associated with death within the first year of life 

were assessed using multivariable Poisson models to calculate adjusted risk ratios (aRRs) 

and 95% CIs, overall and by CHD severity. For those who survived beyond the first year 

of life, adjusted hazard ratios (aHRs) and 95% CIs were calculated using Cox proportional 

hazards models after assessing the proportional hazards assumption by visual inspection 

of the log-log survival curves and evaluating the correlation between Schoenfield residuals 

and the ranking of individual survival times. Using directed acyclic graphs (which convey 

directional causal associations between variables based on previous literature and biological 

mechanisms) exclusively for covariate selection, the same sets of covariates were included 

in the Cox proportional hazards models as in Poisson models. In a supplemental analysis, 

we added an interaction term between birth year and race and ethnicity to the Poisson model 

for birth year to determine whether first-year survival differentially improved over time for 

non-Hispanic (NH) Black and NH White infants. For sensitivity analyses, we examined 

aRRs and aHRs using complete case (ie, nonimputed) analyses. We also examined aHRs 

stratified by CHD severity, stratified by site, and excluded those who also had noncardiac 

anomalies.

Similar to the methodology described and implemented in a previous publication,11 

standardized mortality ratios (SMRs) and 95% CIs were calculated using US death data 

from the National Vital Statistics System (NVSS) accessed through CDC WONDER, 

including age-, sex-, year-, race and ethnicity–, and site-specific crude death rates per 100 

000 people for the catchment area of each surveillance system. SMRs were calculated for 

deaths in the first year of life and, separately, deaths occurring between 1 and 35 years 

of age by comparing observed deaths among individuals with CHDs from CH STRONG 

with expected deaths based on NVSS rates for the general population. Because only year 
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of birth and year of death were available in CH STRONG, date of birth and date of death 

were assumed to have occurred halfway through a given year. Expected death rates were 

then calculated at the individual level by multiplying the proportion of time (in half-year 

increments) that each individual belonged to an age-, sex-, year-, race and ethnicity– and 

site-specific strata by the respective mortality rate for each stratum. All strata-specific rates 

for a given individual were summed to obtain a person-level probability of death. All 

person-level probabilities were then summed to obtain an overall expected number of deaths. 

SMRs are presented overall by CHD severity, race and ethnicity, and sex. We also examined 

SMRs, excluding those who also had noncardiac anomalies. For NVSS data preceding 1999, 

information on Hispanic ethnicity was unavailable; therefore, we only present SMRs for 

Black and White races.

CH STRONG was approved by CDC and University of Arkansas for Medical Sciences 

institutional review boards. The University of Arizona deferred to the CDC institutional 

review board. SMRs were calculated using SAS 9.4 software (SAS Institute Inc., Cary, NC) 

and OpenEpi: Open Source Epidemiologic Statistics for Public Health.25 All other data were 

analyzed using R Studio software.26

RESULTS

Among the 11 695 individuals born in Arkansas (42.1%), Arizona (29.1%), and 

Metropolitan Atlanta (28.8%) between 1980 and 1997 and identified with a CHD, 

2372(20.3%) were determined to be deceased by December 31, 2015 (Table 1). Of those 

presumed to be alive, 29.0% had severe CHDs and 38.2% had co-occurring syndromes or 

noncardiac anomalies, whereas 66.1% of those deceased had severe CHDs, and 57.4% had 

co-occurring syndromes or noncardiac anomalies. In addition, <1% of those presumed to be 

alive had hypoplastic left heart syndrome as their primary CHD diagnosis, compared with 

14.2% of those who were deceased. Other health and sociodemographic characteristics by 

vital status can be found in Table 1.

Among individuals with CHDs in CH STRONG, the largest drop in survival occurred 

between birth and 1 year of age, such that survival percentage at 1 year was 85.0% 

(Figure 1A; Table S2); when excluding those who also had noncardiac anomalies, survival 

percentage at 1 year was slightly higher, at 89.0%. After 1 year of age, the decline in 

the survival curve to 35 years became more gradual, such that survival percentage at 35 

years of age was 81.4% overall (and 86.5% when excluding those who also had noncardiac 

anomalies). Those with severe CHDs had the sharpest decline in survival compared with 

those with CHDs of other severity types (Figure 1B; Table S2), which is largely driven by 

individuals with hypoplastic left heart syndrome (21.5% survival at 35 years of age), other 

single-ventricle defects (53.5% survival at 35 years of age), tricuspid atresia with pulmonary 

stenosis (62.9% survival at 29 years of age; no data after 29 years), and tricuspid atresia 

without pulmonary stenosis (61.3% survival at 35 years of age; Figure 1C; Table S2).

Among individuals who survived beyond the first year of life, the overall survival estimate 

at 35 years of age was 92.8% (Figure 2). Corresponding estimates among individuals who 

survived beyond 10 and 20 years of age were 97.2% and 98.2%, respectively. When further 

Downing et al. Page 6

Circulation. Author manuscript; available in PMC 2024 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



restricting to individuals with severe CHDs, the probability of survival to 35 years of age 

was 87.7% for those who survived beyond 1 year, 96.3% for those who survived beyond 10 

years, and 98.0% for those who survived beyond 20 years. When restricted to individuals 

with nonsevere CHDs, the probability of survival to 35 years of age was 95.3% for those 

who survived beyond 1 year, 97.7% for those who survived beyond 10 years, and 98.3% for 

those who survived beyond 20 years.

Kaplan-Meier survival curves by health and sociodemographic characteristics among those 

who survived beyond the first year of life are presented in Figure 3. Survival probability 

estimates at 35 years of age ranged from 72.2% for those with tricuspid atresia with 

pulmonary stenosis (Figure 3B) to 96.2% for those from a multiple birth (Figure 3G).

Adjusted associations between characteristics and death between birth and 1 year of age 

are described in Table 2. Compared with individuals in the shunt severity category, those 

with severe CHDs had the greatest risk (aRR=4.08) of death in the first year of life; 

however, all other severity categories also had increased risk compared with those with shunt 

defects (aRR range=1.29–1.76), although CIs for shunt+valve included 1.0. In addition, 

those with syndromes (aRR=1.83) and other noncardiac anomalies (aRR=1.54) had a higher 

risk of death compared with those without noncardiac anomalies, and estimates remained 

elevated when stratified by CHD severity. Compared with those born between 1991 and 

1997, individuals born in earlier years were more likely to have died in the first year of 

life (aRR range=1.25–1.49); in particular, those with nonsevere CHDs born in earlier years 

compared with more recent years were more likely to have died in the first year of life (aRR 

range=1.34–1.81). These relationships between birth year and death did not substantially 

differ between infants with NH Black mothers and infants with NH White mothers (NH 

Black aRR range=1.50–1.71; NH White aRR range=1.23–1.41; interaction term P>0.05). 

Those born with a low birth weight (<2500 g) had increased risk of death in the first year 

of life (aRR=1.70), even when stratified by CHD severity. Those with Hispanic or NH 

Black mothers had increased risk of death in the first year of life (Hispanic aRR=1.27; NH 

Black aRR=1.43) compared with those with NH White mothers. Rurality was associated 

with lower risk of death for those with nonsevere CHDs (aRR=0.76 for middle and 

aRR=0.67 for most rural tertiles). aRR based on complete case analyses are presented in 

Table S3; associations using complete case analyses were stronger, in general, than those 

using imputed data, except for NH Black and Hispanic maternal race and ethnicity, whose 

associations were attenuated.

Among individuals who survived beyond the first year of life, ratios up to 35 years of 

age remained elevated for those with severe (aHR=3.18), shunt+valve (aHR=1.45), and 

valve (aHR=1.54) defects compared with those with shunt defects who also have genetic 

syndromes (aHR=3.06) or other noncardiac anomalies (aHR=2.53), were born with a low 

birth weight (aHR=1.29), and for NH Black (aHR=1.80) or Hispanic mothers (aHR=1.42; 

Figure 4). When stratifying by CHD severity (Figure S1), greater rurality was associated 

with higher aHRs for those with severe CHDs; otherwise, associations for those with severe 

CHDs were similar to those with nonsevere CHDs.
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aHRs using complete case (nonimputed) and imputed data stratified by site and by 

noncardiac anomalies are displayed in Figures S2 through S4. Results were similar, with 

slightly wider CIs when using complete case rather than imputed data (Figure S2). The 

magnitude of the aHRs, in general, was consistent across sites, but with limited power; more 

CIs included 1.0 (Figure S3). Likewise, excluding individuals with noncardiac anomalies did 

not substantially affect the aHRs, although some CIs widened (Figure S4).

Comparing observed deaths in the first year of life in CH STRONG with expected deaths 

based on NVSS rates (Figure 5A), mortality was 10.17× greater (95% CI, 9.57–10.81) for 

individuals in CH STRONG than in the US population after standardizing by age group, sex, 

year, race and ethnicity, and site; those with severe CHDs had an SMR of 21.65, and the 

nonsevere CHD SMR was also elevated, at 4.87. SMRs remained elevated when stratified 

by race and ethnicity (NH White SMR=11.30; NH Black SMR=10.21) and sex (male 

SMR=9.54; female SMR=11.00). After excluding individuals with noncardiac anomalies 

from the CH STRONG sample, estimates remained elevated overall (SMR, 7.18 [95% CI, 

6.53–7.88]) and across all strata (SMR range=2.38–18.06).

Comparing individuals who survived beyond the first year of life in CH STRONG with 

NVSS (Figure 5B), mortality was 3.29× greater (95% CI, 2.99–3.61) overall; by severity, 

those with severe CHDs had an SMR of 5.78, and those with nonsevere CHDs had 

an SMR of 2.17. Standardized mortality ratios remained elevated when limited to NH 

White individuals (SMR=2.84), NH Black individuals (SMR=4.58), males (SMR=2.49), 

and females (SMR=4.99). After restricting the sample to individuals with CHDs without 

noncardiac anomalies, mortality among those with nonsevere CHDs was similar to the 

general population (SMR, 1.13 [95% CI, 0.87–1.44]), but all other estimates remained 

elevated (overall SMR, 1.91 [95% CI, 1.62–2.23]; stratified SMRs range=1.38–3.66; Table 

S4). Among those who survived to 10 and 20 years of age, SMRs remained elevated overall 

(SMRs=1.45 and 1.54, respectively). However, after excluding individuals with noncardiac 

congenital anomalies, the overall SMRs at 10 and 20 years of age were null.

DISCUSSION

Among a large population-based sample of individuals with CHDs born between 1980 and 

1997 in 3 US locations, the probability of survival to 35 years of age was 81.4% overall. 

For those who survived beyond the first year of life, the probability of survival to 18 to 35 

years of age surpassed 95%. Unfortunately, infant mortality for those with CHDs was ≈0× 

greater overall and 22× greater for those with severe CHDs than the general population. 

Mortality beyond 1 year of age for individuals with CHDs was still 2 to 5× higher than 

in the general population, particularly among individuals who had severe CHDs and co-

occurring noncardiac anomalies. After excluding individuals with co-occurring noncardiac 

anomalies, mortality among individuals with nonsevere CHDs who survived beyond 1 year 

of age and among individuals with any CHD who survived beyond 10 years of age were 

similar to the general population. Survival probabilities varied by defect, and characteristics 

associated with reduced survival included severe CHDs (including hypoplastic left heart 

syndrome, other single-ventricle defects, and tricuspid atresia with or without pulmonary 
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valve stenosis), presence of noncardiac anomalies, low birth weight, and Hispanic or NH 

Black maternal race and ethnicity.

Several large studies have been limited to examining mortality in US death certificate data 

(in which a CHD was listed as an underlying or contributing cause of death).13–16 In 

general, these studies found that CHD-related mortality has declined over time, although 

less so for NH Black individuals. Although we similarly observed higher infant mortality 

in earlier birth years than in later years, we did not find strong evidence for effect 

modification by race in the association between infant mortality and birth year in this 

analysis. Other studies have investigated survival up to 1 year of age among infants with 

CHDs identified from a US birth defect surveillance system.12,27–30 Excluding those with 

co-occurring noncardiac anomalies, their single-site probability estimates of 1-year survival 

for individuals with CHDs ranged from 88% to 97%, similar to our estimate of 89% using 

data from 3 sites. Our estimate, including those with noncardiac anomalies, was slightly 

below that range, at 85%.

To our knowledge, our analysis is the first to assess both conditional survival to adulthood 

and survival stratified by health and sociodemographic characteristics at birth among 

a population-based sample of US adults with CHDs. Our 35-year survival probability 

estimates that were conditional on 1-year survival (93% for all CHDs; 88% for severe) 

were similar to previously published US results on 30-year survival after cardiac surgery, 

with estimates ranging from 93% to 97% for nonsevere CHDs and from 65% to 86% for 

severe CHDs.11 Overall, severe CHDs are commonly associated with reduced survival in 

the first year of life12,29,30 and into adulthood.11,12 Furthermore, our analysis contributes 

to a body of literature concluding that overall survival is lowest specifically for those with 

hypoplastic left heart syndrome,27,28,31,32 and survival after 1 year of age is lowest for all 

single-ventricle defects.

In a previous publication comparing patients up to 32 years after CHD surgery with the 

population,11 the authors found the overall SMR to be 8.3, and it remained elevated among 

those with nonsevere CHDs (who still required CHD surgery). Their overall estimate and 

their estimate after excluding chromosomal defects (SMR=7.5), respectively, fall between 

the SMRs we found in the first year of life (overall SMR=10.17; excluding chromosomal 

defects=7.18) and after the first year of life (overall SMR=3.29; excluding chromosomal 

defects=1.91). Our estimates differ in that we include deaths due to first CHD surgery, of 

which the majority occur in the first year of life.11 Our analyses also include estimates 

stratified by severity, race, sex, and conditional survival beyond 1, 10, and 20 years of 

age. Our estimates show elevated SMRs overall; however, after excluding individuals with 

co-occurring noncardiac anomalies from the sample, mortality among individuals with 

nonsevere CHDs after 1 year of age and for individuals with any CHD after 10 years of 

age were similar to the general population. Another recent publication also reported that 

all-cause mortality rates among Danish individuals with simple CHDs who survived to at 

least 5 years of age were similar to matched controls without CHDs until ≈70 years of age, 

at which point higher mortality is driven by excess risk of comorbidity.33
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In a previously published meta-analysis combining US and non-US mortality estimates,34 

Black race was found to be associated with mortality in the first year of life among 

those with severe (pooled odds ratio=1.68; 5 studies) and nonsevere CHDs (pooled odds 

ratio=1.62; 3 studies) and with inpatient mortality at any age among those with severe 

CHDs (pooled odds ratio=1.44; 5 studies). The authors reported that an association between 

Black race and overall mortality beyond the first year of life was less clear; their pooled 

odds ratio estimate was elevated at 1.47 with wide confidence intervals (0.82–2.63). The 

authors further reported no clear associations with Hispanic ethnicity, and studies were 

too heterogeneous to calculate a pooled estimate. Similarly finding that racial and ethnic 

disparities in CHD mortality persist through 35 years of age in the United States, Lopez 

et al14 provided a comprehensive overview of literature describing upstream factors that 

influence disparities at the population level, such as access to proximate care; the systemic 

level, such as the number of adult CHD providers available or the health policies protecting 

insurance coverage; the institutional level, such as in referrals to quality CHD care and the 

existence of implicit provider bias; and the individual level, such as socioeconomic barriers 

to health care or even awareness of the need for continual cardiac care, which may all affect 

racial and ethnic differences in mortality.

Aside from CHD severity and maternal race and ethnicity, noncardiac anomalies31,32 and 

low birth weight12 have also been associated with reduced survival among individuals 

with CHDs in previous literature and in this analysis. Although earlier birth year has been 

identified as a risk factor for infant death among those with severe CHDs born between 1979 

and 2005 in previous literature,12 earlier birth years were only associated with increased 

infant mortality among those with nonsevere CHDs in the present analysis. Authors of the 

previous publication used a different definition to identify individuals with severe CHDs, 

which explains why our results differ from theirs (eg, they included the Ebstein anomaly 

and not common atrioventricular canal or aortic atresia/hypoplasia in their severe defects). 

Diagnostics and care of individuals with CHDs have improved over the decades,35 which 

might explain the association between birth year and mortality among individuals with 

nonsevere CHDs. However, concurrent improvements in documentation of neonatal deaths 

over time might explain the lack of association among those with severe CHDs.

A few studies have found that neighborhood deprivation increases the risk of mortality 

for infants and children with CHDs, but they do not provide information beyond early 

childhood.30,36,37 We only found an association between county deprivation and reduced 

survival into adulthood among those with severe CHDs who survived the first year of 

life, but no associations with survival during the first year of life. Different definitions of 

neighborhood (eg, census tract, zip code, or county) and different definitions of deprivation 

(eg, poverty only, median income only, or a combination of socioeconomic variables) might 

explain why our findings differ from others in the first year of life. After the first year of life, 

county rurality was associated with reduced survival for those with severe CHDs. Rurality 

may be indicative of proximity to specialty cardiac care,38 another important geographic 

predictor of mortality39,40 and later diagnosis and treatment.41
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Limitations

Our analysis should be considered within the context of its limitations. Some linkages to 

death records may have been missed if their date of birth, sex, or name in the birth defects 

surveillance system had changed or did not resemble that in the death records. In addition, 

the Atlanta site only linked to the NDI through 2008 to identify out-of-state deaths. For these 

reasons, a small percentage of later deaths may have been missed. Specific dates of birth and 

death were not available; therefore, estimated age of death could differ from actual age by 

up to 1 year. We did not examine gestational age at birth or maternal age at delivery because 

nearly 45% of individuals were missing these data. Deprivation indicators were based on 

decennial census data for the person’s county of birth, which was the smallest geographic 

unit available, but may not fully reflect deprivation in the immediate birth neighborhood. In 

addition, we did not have individual-level socioeconomic status. Categorization of county 

deprivation and rurality into tertiles is specific to their distribution in the CH STRONG data 

set. The NVSS site, from which general population death rates were collected for the SMRs, 

was assigned according to residence at the time of death certificate or census, whereas 

the CH STRONG site was assigned according to the state in which the patient was born. 

Furthermore, unlike NVSS, CH STRONG used race and ethnicity of the mother as a proxy 

for race and ethnicity of the individual with CHD. It is unclear how these differences may 

have affected the SMR.

Cause of death was not consistently captured by each site and therefore not examined in 

this analysis. Other US studies on CHD mortality found noncardiac anomalies, including 

chromosomal syndromes, cardiovascular disorders (acute myocardial infarction, cardiac 

arrest, heart failure, or arrythmia), injury, respiratory disease, and infection commonly 

colisted with CHD as causes of death before 35 years of age.

Individuals in CH STRONG were born ≥15 years before the implementation of critical 

newborn CHD screening policies in their respective states.42 Therefore, our data do not 

reflect the effect these policies have had on improved early detection of critical CHDs and 

subsequent improvements in survival, although a previous article reported a resulting 33% 

decrease in infant deaths from severe CHDs after policy implementation.43

Conclusions

At least 8 in 10 individuals with CHDs born between 1980 and 1997 survived to adulthood, 

and survival improved substantially after the first year of life. Still, survival for those 

with CHDs was lower than in the general population and depended on severity of defect, 

co-occurring anomalies, weight at birth, and race and ethnicity. However, excluding those 

with noncardiac anomalies, mortality among individuals with nonsevere CHDs who survived 

beyond 1 year of age and among individuals with any CHD who survived beyond 10 years 

of age were similar to the general population. In addition, increasing access to and use of 

high-quality cardiac care, especially for those disproportionately affected by physical and 

socioeconomic barriers, may improve survival among those with CHDs and help address 

disparities by race and ethnicity.
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Clinical Perspective

What Is New?

• Eight in 10 individuals with congenital heart defects (CHDs) born between 

1980 and 1997 in Arizona, Arkansas, and Georgia survived to 35 years of 

age, with disparities by CHD type and severity, noncardiac anomalies, birth 

weight, and maternal race and ethnicity.

• Survival for individuals with CHDs was lower than in the general population 

and depended on CHD severity, co-occurring noncardiac anomalies, birth 

weight, and race and ethnicity.

• Among individuals without noncardiac anomalies, mortality among 

individuals with nonsevere CHDs who survived beyond 1 year of age and 

among individuals with any CHD who survived beyond 10 years of age were 

similar to the general population.

What Are the Clinical Implications?

• On the basis of data from 3 US sites, most individuals with CHDs survive to 

young adulthood.

• Individuals with severe CHDs (with or without co-occurring noncardiac 

anomalies) and those with nonsevere CHDs with co-occurring anomalies 

continue to have reduced survival after the first year of life compared with 

the general population and may benefit from increased monitoring, earlier 

identification, and intervention for medical concerns.

• Improving access to and use of congenital cardiac care, especially for those 

disproportionately affected by physical and socioeconomic barriers, may 

improve survival among those with CHDs and help address disparities by 

race and ethnicity.
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Figure 1. Survival for individuals with CHD born between 1980 and 1997 overall (A), by CHD 
severity (B), and by primary CHD diagnosis (C). CH STRONG.
AV indicates atrioventricular; CH STRONG, Congenital Heart Survey To Recognize 

Outcomes, Needs, and Well-Being; CHD, congenital heart defect; HLHS, hypoplastic left 

heart syndrome; Oth/Mult, other/multiple; Sh+V, shunt+valve; SV, single ventricle; TA – 

PS, tricuspid atresia without pulmonary stenosis; TA + PS, tricuspid atresia with pulmonary 

stenosis; TGA, transposition of the great arteries; and TOF, tetralogy of Fallot.
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Figure 2. Survival beyond ages 1, 10, and 20 years for individuals with CHDs born between 1980 
and 1997. CH STRONG.
CH STRONG indicates Congenital Heart Survey to Recognize Outcomes, Needs, and Well-

Being; and CHD, congenital heart defect.
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Figure 3. Survival beyond the first year of life for individuals with CHDs born between 1980 and 
1997 by health and sociodemographic characteristics. CH STRONG.
AV indicates atrioventricular; CDT, county deprivation tertile; CH STRONG, Congenital 

Heart Survey to Recognize Outcomes, Needs, and Well-Being; CHD, congenital heart 

defect; dx, diagnosis; eth, ethnicity; HLHS, hypoplastic left heart syndrome; Mat, maternal; 

NH, non-Hispanic; NCA, noncardiac congenital anomalies; Oth/Mult, other/multiple; SV, 

single ventricle; Syn, syndromes; T, tertile; TA − PS, tricuspid atresia without pulmonary 

stenosis; TA + PS, tricuspid atresia with pulmonary stenosis; TGA, transposition of the great 

arteries; TOF, tetralogy of Fallot; and wgt, weight.
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Figure 4. Adjusted hazards ratios up to 35 years of age for individuals with CHDs born between 
1980 and 1997, conditional on survival beyond the first year of life. CH STRONG multiple 
imputed data.
CH STRONG indicates Congenital Heart Survey to Recognize Outcomes, Needs, and 

Well-Being; CHD, congenital heart defect; NCA, noncardiac congenital anomalies; NH, 

non-Hispanic; and T, tertile. O denotes reference group. *Model includes CHD severity, 

NCA, birth year, site, sex, maternal race and ethnicity, and county deprivation tertile at 

birth. †Model includes NCA, birth year, site, sex, plurality, maternal race and ethnicity, and 

county deprivation tertile at birth. ‡Model includes birth year and site. §Model includes sex 

and birth year. ‖Model includes birth weight, NCA, birth year, site, sex, plurality, maternal 

race and ethnicity, and county deprivation tertile of birth county. #Model includes plurality, 

birth year, site, sex, and maternal race and ethnicity. **Model includes maternal race and 
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ethnicity, birth year, and site. ††Model includes county deprivation tertile of birth county, 

birth year, site, and maternal race and ethnicity. ‡‡Model includes rurality of birth county, 

birth year, site, maternal race and ethnicity, and county deprivation tertile at birth.
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Figure 5. Standardized mortality ratios in the first year of life (A) and beyond the first year of 
life (B) for individuals with CHDs compared with age group-, sex-, year-, race and ethnicity–, 
and site-matched data from the general US population, CH STRONG, and National Vital 
Statistics System.
CH STRONG indicates Congenital Heart Survey to Recognize Outcomes, Needs, and Well-

Being; and CHD, congenital heart defects. *All corresponding P values <0.001.
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Table 1.

Health and Sociodemographic Characteristics at Birth for Individuals With Congenital Heart Defects in 3 US 

Birth Defect Surveillance Systems Between 1980 and 1997, by Vital Status as of 2015, CH STRONG

Characteristics Presumed alive (n=9323) Deceased (n=2372) Total (N=11 695)

Total, n (%) 9323 (79.7) 2372 (20.3) 11 695 (100)

Congenital heart defect severity, n (%)

 Severe 2705 (29.0) 1567 (66.1) 4272 (36.5)

 Shunt+valve 839 (9.0) 111 (4.7) 950 (8.1)

 Shunt 4328 (46.4) 483 (20.4) 4811 (41.1)

 Valve 1142 (12.2) 154 (6.5) 1296 (11.1)

 Other 309 (3.3) 57 (2.4) 366 (3.1)

Has noncardiac congenital anomalies,* n (%)

 Syndromes 977 (10.5) 475 (20.0) 1452 (12.4)

 Other 2584 (27.7) 887 (37.4) 3471 (29.7)

 None 5762 (61.8) 1010 (42.6) 6772 (57.9)

Primary congenital heart defect diagnosis, n (%)

 Atrioventricular canal 337 (3.6) 136 (5.7) 473 (4.0)

 Hypoplastic left heart syndrome 80 (0.9) 337 (14.2) 417 (3.6)

 Single ventricle 68 (0.7) 72 (3.0) 140 (1.2)

 Tricuspid atresia without pulmonary stenosis 97 (1.0) 64 (2.7) 161 (1.4)

 Tricuspid atresia with pulmonary stenosis 28 (0.3) 13 (0.5) 41 (0.4)

 Transposition of the great arteries 416 (4.5) 211 (8.9) 627 (5.4)

 Tetralogy of Fallot 532 (5.7) 157 (6.6) 689 (5.9)

 Other/multiple 7765 (83.3) 1382 (58.3) 9147 (78.2)

Year of birth, n (%)

 1980–1985 1348 (14.5) 364 (15.3) 1712 (14.6)

 1986–1990 2647 (28.4) 875 (36.9) 3522 (30.1)

 1991–1997 5328 (57.1) 1133 (47.8) 6461 (55.2)

Sex,† n (%)

 Male 4796 (51.5) 1263 (53.4) 6059 (51.9)

 Female 4515 (48.5) 1104 (46.6) 5619 (48.1)

Birth weight,‡ n (%)

 Low (<2500 g) 2037 (23.6) 848 (36.5) 2885 (26.3)

 Normal (≥2500 g) 6606 (76.4) 1476 (63.5) 8082 (73.7)

Plurality, n (%)

 Single 8495 (91.1) 2272 (95.8) 10 767 (92.1)

 Multiple 828 (8.9) 100 (4.2) 928 (7.9)

Maternal race and ethnicity,§ n (%)

 Non-Hispanic White 6062 (66.1) 819 (58.8) 6881 (65.1)
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Characteristics Presumed alive (n=9323) Deceased (n=2372) Total (N=11 695)

 Non-Hispanic Black 1946 (21.2) 489 (35.1) 2435 (23.0)

 Hispanic 813 (8.9) 53 (3.8) 866 (8.2)

 Non-Hispanic Other 349 (3.8) 33 (2.4) 382 (3.6)

County deprivation tertile,‖ n (%)

 T1: lowest deprivation 3579 (40.8) 1159 (49.3) 4738 (42.6)

 T2 2211 (25.2) 478 (20.3) 2689 (24.2)

 T3: highest deprivation 2975 (33.9) 713 (30.3) 3688 (33.2)

Rural tertile,‖ n (%)

 T1: least rural 3153 (36.0) 1163 (49.5) 4316 (38.8)

 T2 2472 (28.2) 630 (26.8) 3102 (27.9)

 T3: most rural 3140 (35.8) 557 (23.7) 3697 (33.3)

CDC/BPA indicates Centers for Disease Control and Prevention-modified version of the British Paediatric Association; CH STRONG indicates 
Congenital Heart Survey To Recognize Outcomes, Needs, and Well-Being; and T, tertile.

*
Noncardiac congenital anomalies include all CDC/BPA codes collected by the birth defects surveillance systems outside of 745.000 to 747.999. 

Syndromes include CDC/BPA codes between 758.000 and 758.999.

†
Data on sex missing in 17.

‡
Data on birth weight missing in 728.

§
Data on maternal race and ethnicity missing in 1131.

‖
County-level census data missing in 580.
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Table 2.

Adjusted Risk Ratios for Death During the First Year of Life for Individuals With CHDs Born Between 1980 

and 1997, CH STRONG Multiply Imputed Data

Characteristic

Any CHD (n=11 695) Severe CHDs (n=4272) Nonsevere CHDs (n=7423)

aRR 95% CI aRR 95% CI aRR 95% CI

CHD severity*

 Severe 4.12 3.60–4.72

 Shunt+valve 1.28 0.97–1.70

 Shunt — —

 Valve 1.27 1.00–1.63

 Other 1.76 1.24–2.49

Has noncardiac congenital anomalies†

 Syndromes 2.33 1.94–2.79 1.07 0.85–1.35 6.46 4.64–8.97

 Other 1.71 1.47–1.99 1.2 0.99–1.44 3.31 2.47–4.45

 None — — — — — —

Year of birth‡

 1980–1985 1.49 1.27–1.74 0.98 0.81–1.19 1.80 1.34–2.41

 1986–1990 1.24 1.11–1.38 1.11 0.98–1.27 1.31 1.07–1.61

 1991–1997 — — — — — —

Sex§

 Male — — — — — —

 Female 0.93 0.84–1.03 1.07 0.95–1.21 0.94 0.78–1.13

Birth weight‖

 Low (<2500 g) 1.70 1.53–1.90 1.63 1.42–1.87 2.88 2.36–3.51

 Normal (≥2500 g) — — — — — —

Plurality#

 Single — — — — — —

 Multiple 0.90 0.70–1.17 0.99 0.71–1.37 1.03 0.67–1.57

Maternal race and ethnicity**

 Non-Hispanic White — — — — — —

  Non-Hispanic Black 1.42 1.22–1.64 1.38 1.15–1.65 1.68 1.29–2.18

 Hispanic 1.28 1.05–1.57 1.28 1.02–1.60 1.49 1.05–2.12

 Non-Hispanic other 1.24 0.95–1.60 1.43 1.08–1.90 1.10 0.63–1.92

County deprivation tertile††

 T1: least deprivation) — — — — — —

 T2 0.98 0.85–1.13 0.99 0.84–1.17 0.97 0.75–1.25

 T3: most deprivation 0.99 0.87–1.14 1.02 0.87–1.21 0.90 0.70–1.15

Rural tertile‡‡
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Characteristic

Any CHD (n=11 695) Severe CHDs (n=4272) Nonsevere CHDs (n=7423)

aRR 95% CI aRR 95% CI aRR 95% CI

 T1: least rural — — — — — —

 T2 0.94 0.82–1.08 1.07 0.90–1.26 0.76 0.58–0.99

 T3: most rural 0.94 0.77–1.14 1.09 0.87–1.36 0.67 0.46–0.98

aRR indicates adjusted risk ratio; CH STRONG, Congenital Heart Survey to Recognize Outcomes, Needs and Well-being; CHD, congenital heart 
defect; and T, tertile; — indicates reference group.

*
Model includes CHD severity, noncardiac congenital anomalies, birth year, site, sex, maternal race and ethnicity, and county deprivation tertile of 

birth county.

†
Model includes noncardiac congenital anomalies, birth year, site, sex, plurality, maternal race and ethnicity, and county deprivation tertile of birth 

county.

‡
Model includes birth year and site.

§
Model includes sex and birth year.

‖
Model includes birth weight, noncardiac congenital anomalies, birth year, site, sex, plurality, maternal race and ethnicity, and county deprivation 

tertile of birth county.

#
Model includes plurality, birth year, site, sex, and maternal race and ethnicity.

**
Model includes maternal race and ethnicity, birth year, and site.

††
Model includes county deprivation tertile of birth county, birth year, site, and maternal race and ethnicity.

‡‡
Model includes rurality of birth county, birth year, site, maternal race and ethnicity, and county deprivation tertile of birth county.
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