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BACKGROUND: Despite advances in treatment and survival, individuals with congenital heart
defects (CHD) have a higher risk of heart failure (HF) compared to the general population.

OBJECTIVE: To evaluate comorbidities associated with HF in patients with CHD with a goal
of identifying potentially modifiable risk factors that may reduce HF-associated morbidity and
mortality.

METHODS: Five surveillance sites in the United States linked population-based healthcare data
and vital records. Individuals with an ICD-9-CM code for CHD aged 11-64 years were included

and were stratified by presence of HF diagnosis code. Prevalence of death and cardiovascular risk
factors based on diagnosis codes were compared by HF status using log-linear regression.

RESULTS: A total of 25,343 individuals met inclusion/exclusion criteria. HF was documented
for 2.2% of adolescents and 12.9% of adults with CHD. Adolescents and adults with HF had

a higher mortality than those without HF. In both age groups, HF was positively associated

with coronary artery disease, hypertension, obesity, diabetes, and increased healthcare utilization
compared to those without HF.

CONCLUSIONS: Within this population-based cohort, over 1 in 50 adolescents and 1 in 8 adults
with CHD had HF, which was associated with increased mortality. Modifiable cardiovascular
comorbidities were associated with HF.
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INTRODUCTION

Congenital heart disease (CHD), defined as structural anomalies of the heart present at
birth, occurs in ~1% of all live births.! Rapid advancement in prenatal and neonatal
diagnosis, medical management, surgical and percutaneous intervention of CHD have led
to tremendous gains in survival of individuals with CHD, including those with the most
“severe” lesions.2 A major cause of CHD mortality.3 in individuals with CHD as they age

is heart failure (HF), defined as the inability of the heart to meet the metabolic demands of
the body. Specifically, recent large registry studies have determined that HF is the leading
cause of death in adults with CHD, resulting in the deaths of 1 in 4 individuals.* HF also
contributes to significant morbidity and healthcare resource utilization in people with CHD,
resulting in 2- to 3-fold higher hospitalization rates than the overall population.® As survival
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in individuals with CHD continues to improve, the population burden of HF is likely to
increase.

While the mechanisms of HF in people with CHD are complex and potentially
multifactorial, a variety of causes related to the physiology of the CHD lesion have

been hypothesized, including volume overload, pressure overload, dysfunction of the
myocardium, and high afterload states. Traditional risk factors for heart failure in the general
population, including systemic hypertension, diabetes, obesity, and coronary artery disease,
are emerging as risk factors in people with CHD as they age. While this suggests that
morbidity, mortality, and healthcare resource utilization associated with HF in CHD may

be modifiable, the burden and impact of HF across the lifespan remains under-explored
among individuals with CHD.87 Thus, identifying the risk factors and comorbidities
associated with CHD, particularly those which can be prevented or reversed, is of critical
importance. To this end, we report a population-based multi-site cross-sectional study of HF
in adolescents and adults with CHD. We explore the association of HF and prevalence of
modifiable cardiovascular risk factors as well as healthcare resource utilization.

METHODS

This study received approval from institutional review boards for each study site; and was
reviewed by the United States Centers for Disease Control and Prevention (CDC) and
conducted consistent with applicable federal law and CDC policy (see e.g., 45 C.F.R. part
46, 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 U.S.C. 8552a; 44 U.S.C. 83501 et seq).

Surveillance cohort

In this cross-sectional observational surveillance project, population-based healthcare data
and vital records were obtained from a network comprised of five surveillance sites for
individuals who had a healthcare encounter with an eligible CHD code between 2011 and
2013.8 These sites included (1) the state of Colorado, (2) five counties in Georgia, (3)

the state of North Carolina, (4) 11-counties in New York, and (5) the state of Utah. Case
inclusion criteria were (1) presence of an /nternational Classification of Diseases, Ninth
Revision, Clinical Modification (ICD-9-CM) code for CHD (745.xx-747.xx), and (2) ages
11-64 years of age at first CHD encounter during the study period. The age range inclusion
criteria were based on the lowest and highest age for which data were universally available
across all sites. Exclusion criteria were (1) presence of an ICD-9-CM code for atrial septal
defect/patent foramen ovale (745.5) in isolation,® and (2) other non-specific CHD codes as
previously defined.8 To define age-dependent differences in outcomes, we stratified analyses
by adolescent (11-17 years of age) and adult (18-64 years of age) cohorts. This was based
on the frequent use of 18 years of age to demarcate pediatric-vs adult-centered outcomes and
as well as CHD practice guidance which uses this age to distinguish pediatric/adolescent-vs
adult-specific care.6:10

Study definitions

CHD diagnoses were grouped by lesion severity including severe, shunt, valve, or shunt
+ valve, based on previous methodologies established by the CDC.8:11.12 (Supplementary
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Table 1). These categories, have been previously shown to have prognostic relevance

and are used to study outcomes in CHD.13 HF was defined using ICD-9-CM code

428.x in one of the following: (1) cardiologist-provided encounter, (2) an inpatient
encounter, (3) two unique HF codes in an outpatient encounter, or (4) one unique

HF code in at least 2 encounters. Comorbidities were defined using ICD-9-CM codes

for coronary artery disease, genetic syndromes, pulmonary hypertension, CHD surgery
complications, systemic hypertension, obesity, percutaneous coronary intervention, stroke,
coronary artery bypass surgery, pulmonary embolus, diabetes mellitus, chronic renal disease,
endocarditis, myocarditis, cardiac arrhythmias, implantable cardioverter defibrillator (ICD),
and pacemaker (Supplementary Table 2). For non-cardiac birth defects, cases were cross-
referenced in the North Carolina Department of Health and Human Services Birth Defects
Monitoring Program, which tracks birth defects across the state of North Carolina, and
non-cardiac birth defects were identified by ICD-9 code and manually curated to exclude
cardiac diagnoses and non-specific codes. Length of follow-up time was determined based
on time from index to final encounter within the study period (2011-2013). Encounters
and admissions were defined as previously described.® Briefly, all available healthcare
encounters, including those unrelated to CHD, were captured over the 3-year surveillance
period. Healthcare encounters were categorized as inpatient, emergency department, or
outpatient visits. Multiple visits on the same day were counted as one visit and was coded
using the following hierarchy: (1) inpatient, (2) emergency department, and (3) outpatient.
Cardiac procedures, imaging studies, and electrophysiology procedures were defined by
ICD-9-CM and CPT procedure codes (Supplementary Table 3).

Statistical analysis

RESULTS

Individuals with HF at any point during the study period were compared to individuals
without HF for all analyses. Outcomes of interest in this analysis were survival

and cardiac transplant; comorbidities; and healthcare utilization including encounters,
hospital admissions, imaging procedures, non-invasive electrophysiology procedures,
cardiac/vascular procedures and surgeries, and invasive electrophysiology procedures.
Prevalence of coronary artery disease, hypertension, obesity, and diabetes (Types 1 or

2), and death during the surveillance period (2011-2013) were compared by HF status

using multivariable log-linear Poisson regression with robust covariance estimation to obtain
adjusted prevalence ratios (aPR) and 95% confidence intervals (CI) controlling for age,

sex, and CHD severity. Median values of continuous variables were computed together

with 25th and 75th interquartile range. Adjusted PR was depicted using forest plots with
corresponding 95% CI. Statistical significance was set to £< 0.05. Analyses were conducted
by the North Carolina site and were independently validated by the New York site.

Prevalence of heart failure among CHD survivors

The 5-site cohort was comprised of 25,343 individuals with an eligible CHD code. Among
this cohort, HF was recorded in 2481 (9.8%) individuals among 7362 (2.2%) adolescents
(ages 11-17) and 17,981 (12.9%) adults (ages 18-64) (Table 1). The HF prevalence for
both adolescents and adults at each individual study site is summarized in Supplementary
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Table 4. As frequency of HF increased markedly with age from 2.0% among individuals
11-15 years to 25.4% among those 61-64 years (Supplementary Fig. 1), we divided the
cohort into adolescent and adult cohorts for further analyses. Within the adolescent cohort,
there were marginal differences in sex, age, race, and ethnicity between those with and
without HF (Table 1). Interestingly, we found a slightly higher proportion of females than
males among the adolescent HF cohort (51.5% vs 48.5, respectively) which switched to

a higher proportion of males compared to females among the adult HF cohort (54.4% vs
45.6, respectively). Further, among the adult cohort, those with HF were more commonly
Black compared to those without HF (20.7% vs 10.7%, respectively). The proportion of
individuals with HF was highest among the severe CHD category in both adolescent and
adult cohorts (4.8% and 17.2%, respectively). In addition, HF among the valve group was
higher in the adult cohort compared to the adolescent cohort (12.2% vs 1.1%, respectively).
These findings are summarized in Supplementary Table 5. In both cohorts, individuals with
HF had more follow-up time during the surveillance period compared to those without HF
(Supplementary Table 6).

Impact of heart failure on survival among individuals with CHDs

HF was associated with increased mortality and frequency of cardiac transplant (Table 2).
Among adolescents with CHD, those with HF had a markedly higher prevalence of death
compared to those without HF (aPR = 19.6, 95% CI [10.4, 36.9]). Similarly, adults with
CHD with HF had a 6.1 times greater risk of death during the surveillance period [4.9, 7.6]
compared to those without HF. The aPR of cardiac transplant among adolescents and adults
was 27.5 [17.6, 42.9] and 6.8 [5.0, 9.4], respectively, compared to their counterparts without
HF.

HF was associated with higher healthcare resource utilization during the 3-year surveillance
period (Table 3). Adolescents and adults with CHD and HF had a higher median [25th,
75th] number of encounters than their counterparts without HF (42 [16,79] vs 8 [3,18]

and 28 [11,62] vs 9 [4,24], respectively) and admissions (6 [3,12] vs 0 [0, 0] and 3

[1,7] vs 0 [0, 2], respectively). In addition, those with HF had a higher median number

of encounters with cardiac imaging procedures (7 [3,13] vs 1 [0, 2] and 1 [0, 3] vs O

[0, 1], respectively) and non-invasive electrophysiology procedures (8 [4,17] vs 2 [1,3]

and 5 [2,9] vs 2 [1,4], respectively). Further, there were a higher number of encounters

with cardiovascular interventions and procedures among those with HF compared to those
without HF, including cardiac/vascular procedures and surgeries (2 [0, 5] vs 0 [0, 0] and 1
[0, 2] vs 0 [0, 0], respectively) and invasive electrophysiology procedures (0 [0, 1] vs 0 [0, 0]
and 0 [0, vs 0 [0, 0], respectively).

Heart failure in CHD cases by presence of modifiable cardiovascular risk factors

We identified several cardiovascular risk factors that were associated with HF among both
adolescents and adults with CHD. HF was associated with coronary artery disease (aPR
10.9 [6.3, 19.0] among adolescent CHD survivors and 3.0 [2.8, 3.2] adult CHD survivors).
Further coronary artery disease was not associated with specific underlying congenital
heart lesions (Supplementary Tables 7, 8, respectively). Moreover, HF was associated with
systemic hypertension (4.7 [3.6, 6.1] and 1.7 [1.6, 1.7]), obesity (2.1 [1.4, 3.2], 2.3 [2.1,
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2.5]), and diabetes mellitus (5.3 [2.6, 11.0], 2.4 [2.2, 2.6]) in adolescents and adults,
respectively, with CHD (Fig. 1). These associations held when stratified by type of CHD
lesion for adolescent and adult CHD survivors, respectively (Supplementary Figs. 2, 3). In
addition to these cardiovascular risk factors, we found an association between the presence
of non-cardiac birth anomalies and HF among pediatric (aPR 1.8 [1.4, 2.6]) and adult (2.0
[1.8, 2.2]) CHD survivors (Supplementary Tables 9-12). Conversely, presence of a genetic
syndrome was not associated with an increased prevalence ratio of HF in both cohorts (Fig.
1). Overall, these findings suggest that cardiovascular risk factors are associated with an
increased risk of HF in both pediatric and adult survivors of CHD.

DISCUSSION

Rapid advancements in the early diagnosis, medical management, and surgical treatment
of CHD have led to tremendous gains in survival of individuals with CHD. With these
successes, there has been a shift in CHD mortality beyond early childhood.13:14 Survival of
infants with even the most severe forms of CHD approaches 90%, and 96% of newborns
with CHD who survive the first year of life will be alive at 16 years of age.1® As a result,
an estimated 1.4 million adults and 1 million children in the US were living with CHD

in 2010.5 Many of these individuals with CHD require specialized and expensive health
care services, and are at increased risk for poor outcomes driven, in large part, by the
development of HF. HF is responsible for 25% of deaths among patients with CHD,16:17
making HF the most common cause of death in both children.18.19 and adults.2% with CHD.
Moreover, there is increasing evidence that the presence of HF maybe a valuable prognostic
indicator of mortality, particularly in the adult CHD population.?!

In this study, we present a large cross-sectional cohort involving linked outcomes data

from five sites encompassing over 25,000 individuals with CHD across the lifespan (Visual
Abstract Figure). We identified a high prevalence of HF among individuals with CHD: ~2%
of adolescent CHD patients and ~13% of adult CHD patients. At the oldest age group
(61-64 years of age), prevalence of HF was 25.4%. The association between HF and risk

of death was particularly strong among adolescent patients—those with HF were 20 times
more likely to die during the surveillance period compared to adolescent patients without
HF. Among adults with CHD, the aPR for death was lower, but still considerable (~6). This
trend is similar to a recent study from the Swedish National Patient Register and Cause

of Death Register which identified an inversely correlated hazard ratio of death by age in
individuals with CHD and HF, ranging from HR of 222 in pediatric individuals to 3.1 among
individuals >80 years old.22 Individuals with CHD who were Black were disproportionately
represented in the adult HF population, comprising 20% of those with HF, compared to
10% of those without HF. This finding is consistent with the higher HF-related death rates
and a higher rate of HF-related admissions seen in Black individuals without CHD. Further,
we find subtle, yet statistically significant, differences in the predominance of HF among
male and female individuals with CHD. Interestingly, there is a slight female predominance
among adolescent CHD survivors with HF which flips to a slight male predominance among
the adult population. Sex as a biological variable in HF development is well recognized,
particularly in HF associated with ischemic heart disease.23 while studies exploring HF

in CHD have not consistently explore sex differences. Previous CHD registry outcomes
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analysis has found that overall mortality among adult CHD survivors is unchanged between
the sex; however, noted a higher median age of death in woman (~45 years) than men

(43 years).2 This places our study among the first to identify a sex-based difference in HF
outcomes in the CHD population, both among adolescent and adult CHD survivors.

Our study finds that HF among individuals with CHD is associated with higher healthcare
resource utilization regardless of age. This aligns with previous work which found that

HF is the second most common cause of hospitalizations, behind arrhythmia, among
individuals with CHD.1112 From 1998-2005, the number of hospitalizations for patients
with CHD increased by 101% with rates up to 3-fold higher than those without CHD.24 In
our study, both adolescents and adults with CHD and HF had higher healthcare resource
utilization than those without HF. Adolescents with HF had a 5-fold higher number of
encounters and greater than a 6-fold higher number of admissions compared to those without
HF. This increased healthcare utilization extended to cardiac imaging procedures (7-fold),
electrophysiology procedures (7-fold), and surgeries/procedures (2-fold). These findings
align with previous work, including a retrospective study of the Pediatric Health Information
System database which found pediatric patients with CHD and acute HF incurred 6-fold
hospital costs compared to those without HF.2% Collectively, our findings, as well as others,
suggest that HF in individuals with CHD contributes heavily to healthcare utilization.

Modifiable cardiovascular risk factors offer an opportunity to mitigate the development of
HF in patients with CHD. Recent studies have found a clear link between risk factors,

such as hypertension, and the development of HF and premature mortality in people with
CHD. For example, among adults with CHD and concomitant HF, the baseline 5-fold rate
of mortality nearly doubled to ~10-fold in the presence of systemic hypertension.26 Most
salient from our study is the finding of cardiovascular disease risk factors in pediatric
patients with CHD which mirrored, or even exceeded, that of adults. Adolescents with CHD
and HF had ~10 times the prevalence of coronary artery disease compared to those without
HF, while the same aPR in adults was ~3. Further, systemic hypertension, obesity, and
diabetes mellitus were 2-5 times higher among adolescents with HF, with approximately

a 2-fold increase of these risk factors seen among adults. An association between CHD

and the development of cardiovascular disease has been well-established in the literature.
As an example, the adjusted relative risk of coronary artery disease was 1.5 compared to
individuals without CHD in a recent study including a combined cohort of 684,000 CHD
cases.2’ This suggests that patients with CHD may be predisposed to cardiovascular disease,
and our findings suggest that these same risk factors are associated with HF development.
Further, the impact of these risk factors is greater among adolescents but is present
throughout the lifespan. Should our findings be replicated in other independent studies, this
would provide a pathway for reducing the mortality and healthcare costs associated with HF
among people with CHD through control of cardiovascular risk factors. For example, there
has traditionally been a hesitancy of many providers to allow CHD survivors, particularly
adolescents and young adults, to engage in strenuous physical exercise and competitive
sports. Recently, there has been an evolution towards encouraging exercise and even sports
participation among the vast majority of CHD survivors while under appropriate cardiology
care.28:29 Encouraging the safe liberalization of physical activity, exercise, and sports
participation may be one way in which HF, and the resultant morbidity and mortality, might

Pedliatr Res. Author manuscript; available in PMC 2026 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Landstrom et al.

Page 8

be reduced. This represents one of a myriad of potential approaches to reducing the factors
which predispose to HF in CHD. Ultimately, management of these risk cardiovascular risk
factors could be pursued throughout the lifespan to optimally reduce mortality, morbidity,
and healthcare costs associated with HF in CHD.

LIMITATIONS

The cross-sectional nature of this study limits our ability to determine temporality of events,
such as heart failure diagnosis and cardiovascular risk factors. Moreover, diagnoses of HF
that were made after the study period or made before the study period which resolved and
not noted as a diagnosis during the study period, would not have been consistently captured.
Identification of comorbidities by administrative code data, which may be non-specific, is
also a limitation. For example, we are unable to explore associations between specific forms
of CHD and these risk factors. In addition, findings are cross-sectional and observational

in nature and purely associative rather than causal. This study did not include children <11
years of age with CHD, a patient population that may have more serious forms of CHD
associated with HF than this older cohort.

CONCLUSIONS

In this population-based study, over 1 in 50 adolescents and 1 in 8 adults with CHD had

HF documented during the 3-year surveillance period. HF at any age was associated with
increased mortality and healthcare resource utilization. We also identified several potentially
modifiable cardiovascular comorbidities associated with HF. Prevention and management of
cardiovascular risk factors such as diabetes, obesity, and hypertension in CHD patients of all
ages may reduce morbidity and mortality associated with HF.
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IMPACT:

Five sites in the United States linked population-based healthcare data and
vital records to establish surveillance network for identifying the factors
which influence congenital heart disease (CHD) outcomes.

Survivors of CHD frequently develop heart failure across the lifespan.

Over 1 in 50 adolescent and 1 in 8 adult survivors of CHD have heart failure
which is associated with increased mortality compared to CHD survivors
without heart failure.

Heart failure development is associated with potentially modifiable
cardiovascular risk factors such as hypertension, coronary artery disease, and
diabetes.

Controlling modifiable cardiovascular risk factors may serve to lower the risk
of heart failure and mortality in survivors of congenital heart disease of all
ages.
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Comorbidity
‘Coronav ischemic diagnosis code
Genetic syndrome diagnosis code
Other non-cardiac birth anomaly
CHD comorbidities

Pulmonary hypertension

CHD surgery complications
Adult CVD

Systemic hypertension
Obesty.

Percutaneous coronary intervention

Stroke
Coronary artery bypass
Pulmonary embolus
Diabetes melitus
Chronic renal disease

Other cardiac comarbidities
Endocardiis
Myocarditis
Cardiac arthythmias
1CD or pacemaker

Heart failure
19 (11.5%)
22(13.9%)
33 (20.0%)

27 (16.4%)
9 (5.5%)
19 (11.5%)

82 (49.7%)

45 (27.3%)

21 (12.7%)
3(1.8%)

22(13.3%)
8 (4.8%)
14.(8.5%)

113 (68.5%)
19 (11.5%)
(4.8%)
103 (62.4%)
44.(26.7%)

No heart failure
54(0.8%)
647 (9.0%)
779 (10.8%)

83 (1.2%)
50 (0.7%)
34 (0.5%)

963 (13.4%)
416 (5.8%)
435 (6.0%)
20 0.3%)
83 (1.2%)
24 (03%)

77 (1.1%)
67 (0.9%)

1195 (16.6%)
86 (1.2%)
21 (0.3%)

1086 (15.1%)
213 (3.0%)

[

Adjusted prevalence ratio

Adjusted prevalence

ratio (95% Cl)

109 (627, 19.0)
1.04(0.71,154)
188 (1.37,259)

105 (6.76, 16.2)
6.18 (298, 12.8)
169 (9.36, 30.5)

3.42 (288, 4.05)
4.6 (356,6.12)
2,13 (1.40, 3.24)
4.92(1.30, 18.6)
3.81(2.05,7.09)
2.95(0.91, 9.65)
127 (7,68, 21.1)
533 (259, 11.0)
8.51(4.75,15.2)

3.07 (2.70,3.48)
7.41(451,12.2)
185 (8.32, 41.1)
3.05 (265, 3.51)
5.43(3.99, 7.39)

p-value

<0.001

0831

<0.001

<0.001
<0.001
<0.001

<0.001
<0001
<0.001

0019
<0.001

0073
<0.001
<0001
<0001

<0.001
<0.001
<0001
<0.001
<0001

b

Comorbidity
Coronary ischemic diagnosis code
Genetic syndrome diagnosis code
Other non-cardiac birth anomaly

GHD comorbidities
Pulmonary hypertension
CHD surgery complications

Adult CVD
Systemic hypertension
Obesi

Percutaneous coronary intervention
Stroke

Coronary artery bypass

Pulmonary embolus

Diabetes melitus

Chronic renal disease

Other cardiac comorbidities
Endocardis
jocarditis
Cardiac arthythmias
1CD or pacemaker

Heart failure
1031 (44.5%)
88 (3.8%)
373 (16.1%)

380 (16.4%)
247 (10.7%)
150 (6.5%)

1878 (81.1%)
1564 (67.5%)
678 (29.3%)
186 (8.0%)
489 (21.1%)
307 (13.3%)
344 (14.9%)
642 (27.7%)
553 (23.9%)

1720 (74.3%)
288 (12.4%)
23 (1.0%)
1614 (69.7%)
596 (25.7%)

No heart failure
1646 (10.5%)
763 (4.9%)
1368 (8.7%)

397 (255%)
232 (15%)
166 (1.1%)

6587 (42.0%)
4927 (31.5%)
1848 (11.8%)
256 (1.6%)
1116 (7.1%)
379 (2.4%)
515 (3.3%)
1326 (8.5%)
503 (3.2%)

4155 (26.5%)
417 (2.7%)
17(0.1%)
3816 (24.4%)
786 (5.0%)

Adjusted prevalence ratio

Fig. 1. Comorbidities associated with heart failure in children and adults with CHD.

a Forest plot of cardiovascular comorbidities for adolescent (11-17 years of age) patients

with CHD and heart failure versus no heart failure. Prevalence ratios adjusted for age,
sex, and CHD severity group, with corresponding 95% CI are shown. b Forest plot of
cardiovascular comorbidities for adults (18-64 years of age) with CHD and heart failure
versus no heart failure. Prevalence ratios adjusted for age, sex, and CHD severity group,
with corresponding 95% CI are shown. CHD congenital heart disease, CVD cardiovascular
disease, ICD implantable cardioverter defibrillator, Cl confidence interval.
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Prevalence ratio
(95% CI)

303 (284,3.24)
091(073,1.13)
1.96 (1.75,2.19)

5.71(4.93,6.61)
679 (5.63,8.19)
489 (3.85,6.22)

1.59 (1.55, 1.64)
1.67 (161, 1.73)
229 (2.11,2.48)
353 (291,4.28)
2.15(1.94,2.38)
378 (3.25,4.39)
390 (339, 4.49)
238 (219, 2.59)
575 (5.10,647)

241(232,251)

244 (234,2.54)
4.25(384,4.71)

p-value
<0.001
0375
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
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