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Abstract

Aims In a continuously ageing population of patients with congenital heart disease (CHD), understanding the long-term risk of 
morbidity is crucial. The aim of this study was to compare the lifetime risks of developing comorbidities in patients with 
simple CHD and matched controls.

Methods 
and results

Using the Danish nationwide registers spanning from 1977 to 2018, simple CHD cases were defined as isolated atrial septal 
defect (ASD), ventricular septal defect (VSD), pulmonary stenosis, or patent ductus arteriosus in patients surviving until at least 
5 years of age. There were 10 controls identified per case. Reported were absolute lifetime risks and lifetime risk differences 
(between patients with simple CHD and controls) of incident comorbidities stratified by groups and specific cardiovascular 
comorbidities. Of the included 17 157 individuals with simple CHD, the largest subgroups were ASD (37.7%) and VSD 
(33.9%), and 52% were females. The median follow-up time for patients with CHD was 21.2 years (interquartile range: 
9.4–39.0) and for controls, 19.8 years (9.0–37.0). The lifetime risks for the investigated comorbidities were higher and appeared 
overall at younger ages for simple CHD compared with controls, except for neoplasms and chronic kidney disease. The lifetime 
risk difference among the comorbidity groups was highest for neurological disease (male: 15.2%, female: 11.3%), pulmonary 
disease (male: 9.1%, female: 11.7%), and among the specific comorbidities for stroke (male: 18.9%, female: 11.4%). The overall 
risk of stroke in patients with simple CHD was mainly driven by ASD (male: 28.9%, female: 17.5%), while the risks of myocardial 
infarction and heart failure were driven by VSD. The associated lifetime risks of stroke, myocardial infarction, and heart failure in 
both sexes were smaller in invasively treated patients compared with untreated patients with simple CHD.

Conclusion Patients with simple CHD had increased lifetime risks of all comorbidities compared with matched controls, except 
for neoplasms and chronic kidney disease. These findings highlight the need for increased attention towards early manage-
ment of comorbidity risk factors.
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Structured Graphical Abstract

Do patients with simple congenital heart disease (CHD) face increased lifetime risk of comorbidities and increased mortality compared 
with matched controls without CHD?

Patients with simple CHD had a shorter life expectancy and excess lifetime risk of comorbidities compared with matched controls, most 
notably for neurological disease, pulmonary disease, heart failure and stroke.

Guidelines for management of adult CHD. 
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Background, methods, and highlighted results of the current study investigating the lifetime risks of comorbidities and mortality in patients with sim-
ple congenital heart disease compared with sex- and birth-year-matched controls. ‘Excess risk’ means the excess risk among simple congenital heart 
disease patients compared with sex- and birth-year-matched controls. CHD, congenital heart disease.
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Introduction
Since 1960s, the treatment of congenital heart disease (CHD) has im-
proved considerably, and now >90% of children with CHD survive into 
adulthood.1 This has led to a growing number of adults living with CHD, 
and, consequently, adults with CHD currently outnumber children.2

Hence, focus in patients with CHD is shifting from survival in childhood 

to management of long-term morbidity, as well as the associated grow-
ing healthcare usage and rapidly rising costs of treatments.3–6

Major gaps in knowledge persist regarding the long-term morbidity 
of patients with simple CHD.7 This is reflected in the international adult 
CHD guidelines, where the comorbidity burden is not accounted for 
when assessing the need for follow-up in patients with simple 
CHD.7,8 This could be problematic since evidence points towards 
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elderly patients with CHD facing an increased mortality burden 
compared with the background population, mainly driven by non- 
cardiovascular comorbidities rather than CHD-related complica-
tions.9–14 Across all severities, patients with CHD also face increased 
morbidity compared with healthy controls.15–17 However, most studies 
consider CHD as one group, not specifically addressing the subgroup of 
patients with simple CHD. Since patients with severe CHD face much 
higher mortality and morbidity compared with patients with simple 
CHD, it is necessary to study patients with simple CHD separately. 
For these reasons, knowledge on the long-term excess risks of develop-
ing diseases in patients with simple CHD compared with the back-
ground population may have important clinical implications.

We used the Danish national registers to study lifetime risks of de-
veloping comorbidities in patients with simple CHD compared with 
non-CHD matched controls. We focused on the risks of 
developing neurological, endocrine, pulmonary, psychiatric, and neo-
plasm diseases, as well as stroke, myocardial infarction, atrial fibrillation, 
heart failure, infective endocarditis, and chronic kidney disease (CKD).

Methods
Data source
All Danish residents are issued a unique and permanent civil registration 
number at birth or immigration. The civil registration number allows linkage 
of all data from the national Danish registers by cross-referencing the na-
tional registers at the individual level. In this study, data regarding hospital 
discharge diagnoses, outpatient clinic visits, and invasive interventions 
were used. These data have previously been validated with high validity 
for cardiovascular research [positive predictive values of 89.0%–98.4% 
(ICD-10) and 88.2% (ICD-8)].18 Between 1977 and 1993, diagnoses were 
coded according to the International Classification of Diseases (ICD), 8th 
revision. Since 1994, the more comprehensive ICD-10 has been used.

Study population
The CHD population consists of all individuals diagnosed with simple CHD 
between 1977 and 2018. Simple CHD is defined as an isolated ventricular 
septal defect (VSD), atrial septal defect (ASD), patent ductus arteriosus 
(PDA), or pulmonary stenosis (PS), consistent with international guide-
lines.7,8 A defect was not considered simple and thus excluded from the 
study, if the individual died during the first 5 years of life or if they were di-
agnosed at any time with Eisenmenger syndrome, pulmonary hypertension, 
had invasive treatment for more than one type of simple CHD, or had miss-
ing data, as inspired by a previous study and described previously.9,10 To re-
duce classification error attributable to unregistered moderate or severe 
CHD at the time of diagnosis, we conditioned simple CHD diagnosis on fu-
ture diagnoses. We identified 10 controls per patient with CHD, matched 
by sex and birth year. Birth year was chosen as a matching variable to ac-
count for temporal trends.

The diagnosis codes and invasive procedure codes used in this study are 
listed in Supplementary material online, Table S1.

Outcomes
The primary outcome was lifetime risk of first-time occurrence of the co-
morbidities of interest (incident comorbidities). Comorbidities of interest 
were neurological disease, endocrine disease, pulmonary disease, psychi-
atric disease, or neoplasm. The secondary outcome was the lifetime risk 
of specific diagnoses, including incident myocardial infarction, ischaemic 
stroke, heart failure, atrial fibrillation, or flutter (which will be referred to 
as ‘atrial fibrillation’ in the rest of the manuscript), infective endocarditis, 
and CKD. The ICD codes are listed in Supplementary material online, 
Table S1.

Supplementary outcomes
All-cause mortality rates per 100 000 person-years were reported, strati-
fied by CHD and controls. The age-specific rates used to calculate the life-
time risks of comorbidities were reported per 100 000 person-years. To 
explore the potential effect of surgery or invasive interventions for CHD, 
the lifetime risks of comorbidities were stratified by treated and untreated 
CHD. To investigate whether specific simple CHD diagnoses had an in-
creased risk for selected comorbidities, the lifetime risks of comorbidities 
were stratified by CHD diagnosis (ASD, VSD, PDA, and PS).

Statistical analysis
All individuals were followed from either 5 years of age or 1977, whichever 
came last, until emigration, death, or 31 December 2018 (end-of-study per-
iod), whichever came first. All analyses were performed separately for fe-
males and males, and separately for simple CHD and their matched 
controls. We categorized ages into 5-year long intervals between age 5 
and age 90 and calculated age-specific rates of the comorbidity of interest 
as well as age-specific mortality rates. We report the age-standardized all- 
cause mortality rates and the age-standardized all-cause mortality rate ratio 
for simple CHD vs. matched controls.

We calculated the comorbidity lifetime risk between age 5 and age 90 
using multiple decrement life-table methods using a radix of 100 000.19

Note that the calculation of the lifetime risk is based on the observed age- 
specific comorbidity and mortality rates and that its interpretation is based 
on a hypothetical population of 100 000 5-year-old individuals. The lifetime 
risk is the probability of comorbidity occurrence between 5 and 90 years in 
the population. The standard errors of the estimated lifetime risks were ob-
tained with the non-parametric bootstrap using 10 000 bootstrap samples. 
Based on the standard errors, we computed 95% Wald confidence intervals 
(CIs) for the lifetime risks and Wald tests for the differences in the lifetime 
risks between simple CHD and matched controls. Reported were the life-
time risks of incident comorbidities with 95% CI, the risk difference as the 
excess risk in patients with simple CHD compared with matched controls, 
and two-sided P-values for testing risk differences. In a supplementary ana-
lysis, we calculated age-specific comorbidity and mortality rates based on 
age-specific pre-intervention rates and compared them to lifetime co-
morbidity risks based on age-specific post-intervention rates. Using the 
same methods as for the main analysis, we reported the lifetime comorbid-
ity risks in a pre-intervention population and compared them to the lifetime 
comorbidity risks in a post-intervention population.

All statistical analyses were performed using the statistical software R, 
version 4.0.3.20

Ethics
Retrospective register-based studies using Danish nationwide register data 
do not require ethical approval in Denmark. The data-responsible institu-
tion (the capital region of Denmark) approved the study (approval number 
P-2019-348).

Results
Out of 34 512 patients with ASD, VSD, PDA, or PS between 1977 and 
2018, 17 157 individuals with simple CHD were eligible for inclusion in 
our study (Figure 1). In the simple CHD population, 52% were females 
(Table 1). The median follow-up time was 21.2 years [interquartile range 
(IQR): 9.4–39.0] for patients with simple CHD and 19.8 years (IQR: 9.0– 
37.0) for matched controls. Patients with simple CHD contributed a to-
tal of 348 137 patient-years, while matched controls contributed a total 
of 3 328 002 patient-years. The largest CHD subgroup consisted of ASD 
(37.7%), followed by VSD (33.9%), PDA (23.9%), and PS (4.5%; Table 1). 
Between 1977–86 and 2007–18, the median age at the time of diagnosis 
decreased (7 years to 1 year), but the span of diagnosis age increased (0– 
21 years to 0–40 years; Table 1). A total of 2994 (17.5%) patients with 

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehac727#supplementary-data
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simple CHD had undergone an interventional surgery or procedure, of 
which the majority were ASD [ASD: 1834 (61.3%) and median age at 
intervention time: 42 years; VSD: 323 (10.8%) and median age at inter-
vention time: 1 year; PDA: 785 (26.2%) and median age at intervention 
time: 2 years; PS: 52 (1.7%) and median age at intervention time: 3 years; 
Table 1]. All-cause mortality rates were comparable between patients 
with simple CHD and the matched controls in the overall analysis [rates 
per 1000 person-years for males: CHD 82.2 (75.5–89.2) vs. controls 
80.0 (77.7–82.1)]. Rate ratio: 1.0 (0.9–1.1). For females: CHD 75.6 
(69.5–82.1) vs. controls 71.8 (69.8–73.8). Rate ratio: 1.1 (1.0–1.1)] and 

younger age groups, but were higher in patients with simple CHD after 
ages 70–75 years (mortality rate per 100 000 person-years in the age 
group 75–80 years: CHD: 5536, non-CHD: 4303; see Supplementary 
material online, Figure S1).

Around 423 (2.5%) of the patients with simple CHD had a genetic 
syndrome. Due to the small sample size in this group (total person- 
years = 6266), calculating the lifetime risk of comorbidities in this group 
was not possible. Calculating the lifetime risk in patients with simple 
CHD without genetic syndrome (n = 16 734) yielded no significant dif-
ferent results compared with the main analysis (data not shown).

Figure 1 Flow chart depicting study inclusion, exclusion, and sampling of cases and controls from the Danish nationwide registers. Of 34 512 patients 
with the relevant simple congenital heart disease diagnoses (atrial septal defect, ventricular septal defect, patent ductus arteriosus, pulmonary stenosis), 
6470 (37.7%) were diagnosed with simple atrial septal defect, 5814 (33.9%) with simple ventricular septal defect, 4095 (23.9%) with simple patent duc-
tus arteriosus, and 778 (4.5%) with simple pulmonary stenosis. The 10 controls per simple congenital heart disease (n = 171 570) case, matched on sex 
and birth year, were identified using the nationwide Danish registers. Non-simple congenital heart disease = any additional congenital heart disease 
diagnosis other than atrial septal defect, ventricular septal defect, patent ductus arteriosus, or pulmonary stenosis.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics of the study population, stratified by calendar-year groups at time of diagnosis

1977–1986 1987–1996 1997–2006 2007–2018 Total

Patients, n 2687 3462 4218 6790 17 157

Median age of diagnosis, years (IQR) 7 (0–21) 0 (0–7) 0 (0–10) 1 (0–40) 1 (0–23)

Sex, male, n (%) 1318 (49.0) 1640 (47.4) 1938 (45.9) 3348 (49.3) 8242 (48.0)

Simple CHD diagnosis, n (%) Ventricular septal defect 1180 (43.9) 1383 (39.9) 1560 (37.0) 1691 (24.9) 5814 (33.9)

Atrial septal defect 676 (25.2) 793 (22.9) 1388 (32.9) 3613 (53.2) 6470 (37.7)

Patent ductus arteriosus 703 (26.2) 1142 (33.0) 1058 (25.1) 1192 (17.6) 4095 (23.9)

Pulmonary stenosis 128 (4.8) 144 (4.2) 212 (5.0) 294 (4.3) 778 (4.5)

Invasive intervention during 1977–2018, n (%) 491 (18.3) 490 (14.2) 558 (13.2) 1455 (21.4) 2994 (17.5)

Genetic syndrome, n (%) 37 (1.4) 71 (2.1) 160 (3.8) 155 (2.2) 423 (2.5)

IQR, interquartile range, using the 25th and 75th quartiles.

http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehac727#supplementary-data
http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehac727#supplementary-data
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Lifetime risk for comorbidity groups
For both males and females, the lifetime risks of all comorbidities 
groups of interest were higher for patients with CHD than for controls, 
the exception being neoplasms (Figure 2). The largest lifetime risks were 
observed for pulmonary disease (male: CHD 48.1%, non-CHD 39.0%; 
female: CHD 52.3%, non-CHD 40.6%), endocrine disease (male: CHD 
44.1%, non-CHD 34.2%; female: CHD 60.2%, non-CHD 51.6%), and 
neurological disease (male: CHD 47.8%, non-CHD 32.6%; female: 
CHD 48.5%, non-CHD 37.2%). The largest risk difference between 
CHD and non-CHD was seen for neurological disease, where patients 
with CHD had an excess risk [male: 15.2% (CI: 12.4%–18.0%); female: 
11.3% (CI: 8.8%–13.7); Figure 2].

For most comorbidity groups, the excess in age-specific rates in patients 
with simple CHD compared with controls was seen in the eldest age groups 
but began at earlier ages (age 50–60 years for endocrine and pulmonary dis-
ease, 35–40 years for neurological disease; see Supplementary material 
online, Figs S2–S4). For psychiatric diseases, the excess in age-specific rates 
in patients with simple CHD was largest at the younger age groups, while 
the rates were comparable through all age groups for neoplasms (see 
Supplementary material online, Figs S5 and S6).

The lifetime risks stratified by simple CHD diagnosis showed that 
while the number of patients with CHD in each group was low, yielding 
insufficient power to detect small differences, the risk difference in 
neurological disease was mainly driven by patients with ASD (male: 
21.7%, female: 16.2%; see Supplementary material online, Figs S13, 
S15, S17, and S19). The associated lifetime risks for comorbidity groups 
stratified by treated and untreated CHD showed a significantly 

increased associated risk of psychiatric diseases in treated CHD pa-
tients. The analysis for treated ASD showed a significantly increased 
risk among treated CHD patients of psychiatric disease for both sexes 
and neoplasms for males only (see Supplementary material online, Figs 
S21 and S23). However, these risk differences had wide CIs. 
Stratification by treatment for VSD, PDA, or PS was not possible due 
to small sample size.

Lifetime risk for specific comorbidities
For both males and females, the risk of developing the specific co-
morbidities of interest was higher for CHD than controls (Figure 3). 
Among males, the risk was highest for stroke, heart failure, and myocar-
dial infarction, while among females, it was highest for stroke, heart fail-
ure, and atrial fibrillation. For both sexes, the largest risk difference was 
for stroke (male: 18.9%, female: 11.4%), while there was no significant 
risk difference for CKD [male: 0.3% (CI: −1.4 to 1.9), female: 2.2% (CI: 
0.0–4.4)].

The age-specific rates of stroke increased for patients with simple 
CHD compared with controls at around age 25–30 years and acceler-
ated around age 40–45 years for both sexes (see Supplementary 
material online, Figure S7). The age-specific rates of myocardial infarc-
tion, atrial fibrillation, heart failure, and infective endocarditis in simple 
CHD increased considerably more than controls later in life, around 
age 50–60 years for males and 5–15 years later for females (see 
Supplementary material online, Figs S8–S11). There were no discernible 
differences in age-specific rates between simple CHD and controls of 
CKD (see Supplementary material online, Figure S12).
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Figure 2 Forest plot showing the lifetime risk of developing first-time comorbidities for patients with simple congenital heart disease and matched 
controls. The x-axis depicts the lifetime risk estimates (bullet) with 95% confidence interval (parentheses) and the y-axis depicts the comorbidity groups 
stratified by patients with congenital heart disease and matched controls (non-congenital heart disease). Risk difference depicts excess risk among pa-
tients with congenital heart disease compared with non-congenital heart disease controls, an asterisk (*) after the 95% confidence interval signals that 
the risk difference is statistically significant. (A) Analyses for male patients. (B) Analyses for female patients. The specific lifetime risk estimates and the 
95% confidence intervals are provided to the left of the graph, while the risk difference between simple congenital heart disease and matched controls 
with corresponding 95% confidence intervals is provided to the right.
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The results stratified by CHD diagnosis show that the observed risk 
differences for stroke and, to a lesser degree, atrial fibrillation were 
mainly driven by ASD (stroke: male 28.9%, female 17.5%; atrial fibrilla-
tion: male 9.3%, female 11.2%). The risk differences for myocardial in-
farction (male: 16.1%, female: 11.1%) and heart failure (male: 14.7%, 
female: 13.9%) were mainly driven by VSD (see Supplementary 
material online, Figs S14, S16, S18, and S20), whereas the risk difference 
for stroke in VSD patients was not significant. The analysis of specific 
comorbidities stratified by treatment showed a significantly reduced as-
sociated risk in treated simple CHD patients for stroke [risk difference 
male: −17.7% (CI: −24.2 to −11.2), female: −6.3% (CI: −12.3 to −0.2)], 
myocardial infarction [risk difference male: −15.0% (CI: −19.2 to 
−10.8), female: −8.3% (CI: −12.0 to −4.7)], and heart failure [risk dif-
ference male: −12.1% (CI: −17.6 to −6.6), female: −10.8% (CI: −16.2 
to −5.4)] for both sexes compared with untreated patients (see 
Supplementary material online, Figure S22). The analysis of treated 
ASD patients showed a significantly reduced associated risk in treated 
ASD patients for stroke [risk difference male: −24.8%, (CI: −32.3 to 
−17.2), female: -12.4% (CI: −21.2 to -3.5)] and heart failure [male: 
−8.7% (CI: −13.9 to −3.6), female: −11.9% (-19.8 to −4.0)] in both 
sexes (see Supplementary material online, Figure S24).

Discussion
The main finding in this study was that patients with simple CHD had a 
significantly higher lifetime risk for most of the investigated comorbid-
ities compared with sex- and birth-year-matched controls without 

CHD. Among comorbidity groups, the risk difference was largest for 
neurological disease, pulmonary disease, and, among specific diagnoses, 
stroke and heart failure (Structured Graphical Abstract). While the 
difference in comorbidity rates was largest in the eldest age groups, 
we observed that the differences between simple CHD and the control 
group began at much earlier ages for many comorbidities. Furthermore, 
we found that treated simple CHD, compared with untreated simple 
CHD, had a lower associated risk of stroke, myocardial infarction, 
and heart failure for both sexes, but did not have a significantly different 
associated risk for infective endocarditis or non-cardiovascular co-
morbidities. While genetic syndromes may generally influence the 
rate of comorbidities, they did not affect our results, probably due to 
the low prevalence of these patients in our population with isolated 
CHD.21–23 This study reports novel data on the lifetime risks of co-
morbidities in a population of simple CHD individuals and helps to 
bridge a major knowledge gap in for the largest subgroup of patients 
with CHD.7 In the older age group (70 years and older), we also found 
an increased risk of mortality in patients with CHD compared with the 
matched controls without simple CHD. In this age group, mortality is 
mainly driven by non-cardiovascular comorbidities rather than compli-
cations from the cardiac defect itself, which emphasizes the importance 
of our findings.14 These findings highlight the need for attention among 
clinicians towards the early identification and management of risk fac-
tors for said comorbidities in patients with simple CHD.

Previous studies comparing patients with CHD of all severities, in-
cluding simple CHD, to controls found similar tendencies of patients 
with CHD having a higher prevalence of comorbidities compared 

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Chronic Kidney Disease

Endocarditis

Heart failure

Atrial fibrillation/flutter

Myocardial Infarction

Stroke
9.9 (9.1−10.8)

28.9 (25.8−31.9)

6.3 (5.7−6.9)

13.9 (11.5−16.2)

2.0 (1.6−2.4)

9.1 (6.6−11.5)

4.4 (3.8−5.0)

14.2 (11.3−17.1)

0.8 (0.5−1.1)

5.8 (3.5−8.1)

4.4 (3.7−5.0)

4.6 (3.1−6.1)

Estimate (CI95) Male

0 10 20 30 40

Lifetime risk, % 

18.9 (15.8,22.1) *

7.6 (5.1,10.0) *

7.1 (4.6,9.6) *

9.8 (6.8,12.8) *

5.0 (2.7,7.3) *

0.3 (−1.4,1.9)

Risk DifferenceA

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Non−CHD

CHD

Chronic Kidney Disease

Endocarditis

Heart failure

Atrial fibrillation/flutter

Myocardial Infarction

Stroke
9.1 (8.3−9.9)

20.5 (18.0−23.1)

3.6 (3.1−4.0)

8.5 (6.3−10.7)

2.0 (1.6−2.5)

11.2 (8.9−13.4)

4.0 (3.4−4.6)

16.0 (13.3−18.7)

0.7 (0.4−1.0)

3.7 (2.5−5.0)

3.5 (3.0−4.0)

5.7 (3.6−7.9)

Estimate (CI95) Female

0 10 20 30 40

Lifetime risk, % 

11.4 (8.7,14.1) *

5.0 (2.7,7.2) *

9.1 (6.9,11.4) *

12.0 (9.3,14.8) *

3.1 (1.8,4.3) *

2.2 (0.0,4.4) *

Risk DifferenceB

Figure 3 Forest plot showing the lifetime risk of developing first-time specific comorbidities for patients with simple congenital heart disease and 
matched controls. The x-axis depicts the lifetime risk estimates (bullet) with 95% confidence interval (parentheses) and the y-axis depicts the specific 
comorbidities stratified by patients with congenital heart disease and matched controls (non-congenital heart disease). Risk difference depicts excess 
risk among patients with congenital heart disease compared with non-congenital heart disease controls, an asterisk (*) after the 95% confidence interval 
signals that the risk difference is statistically significant. (A) Analyses for male patients. (B) Analyses for female patients. The specific lifetime risk estimates 
and the 95% confidence intervals are provided to the left of the graph, while the risk difference between simple congenital heart disease and matched 
controls with corresponding 95% confidence intervals is provided to the right.
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with non-CHD controls.15,24,25 In contrast to our findings, one study 
found that patients with CHD had a higher prevalence of neoplasms 
compared with controls in a 18- to 64-year-old cohort.15 The differ-
ence may be due to their inclusion of severe CHD, as repeated radi-
ation from chest X-rays, computed tomography scans, and 
procedures with catheterizations, often required in patients with se-
vere CHD, is associated with a higher risk of neoplasms.26 A recent 
study found that CHD, both simple and severe, was associated with 
an increased risk of childhood cancer.27 Reassuringly, our study sug-
gests that such findings do not pertain to patients with simple CHD.

Several mechanisms may explain the association between CHD and 
other non-cardiovascular comorbidities. Neurological disease risk may 
be related to the structural changes in CHD, such as the possibility of 
venous to arterial shunt lesions leading to paradoxical embolisms, in-
creased prevalence of intracranial aneurysms, and increased rates of 
atrial arrhythmias.28 Furthermore, some patients received surgical clos-
ure using cardiopulmonary bypass, which would also increase the risk of 
cerebral micro thrombi or periprocedural cerebral hypoxia leading to 
cerebral damage.29 Intrinsic abnormalities and iatrogenic changes in 
the thoracic area and spine may explain the risk of increased pulmonary 
disease,26 both sternotomy and thoracotomy can cause scoliosis and 
restrictive lungs.30–32 Increased pulmonary blood flow, as seen in 
ASD, VSD, and PDA, can lead to tunica media proliferation, leading 
to increased pulmonary vessel resistance.32,33 Furthermore, acquired 
conditions that elevate left atrial pressure (e.g. hypertension or valvular 
heart disease) may increase the left-to-right shunt in simple ASD. This 
can lead to increased flow through the right side of the heart and in the 
pulmonary circulation, right ventricle volume overload, and the risk of 
atrial arrhythmias and increased pulmonary pressure later in life.8 The 
Risk of endocrine disease is increased in individuals with genetic syn-
dromes, or advanced heart failure, which are more common in patients 
with CHD compared with the background population.28 Increased risk 
of psychiatric diseases may be attributed to many factors, including the 
higher rates of genetic syndromes in these patients as well as the phys-
ical, social, and mental impact of living with a chronic disease, including 
frequent healthcare contacts that lead to depression, anxiety, and social 
isolation.25,26,34 In this study, it was mainly patients with PDA who 
drove the risk of psychiatric diseases. This study did not exclude prema-
ture children. Prematurity has previously been associated with psychi-
atric disease and may also explain the low rate of interventions seen in 
patients with PDA (19%).35 Furthermore, patients with PDA under-
went interventions at younger ages compared with patients with 
ASD. The young age of the patient at time of intervention has been as-
sociated with psychiatric disease.36,37 This was particularly underlined in 
the treatment analysis, where a higher associated risk was seen in trea-
ted patients compared with untreated.

Lifetime risk of specific diseases
In our study, the lifetime risks of all the included cardiovascular co-
morbidities were higher in individuals with simple CHD compared 
with controls. The risks were highest for stroke and, to a lesser degree, 
myocardial infarction, heart failure, and atrial fibrillation. However, the 
lifetime risk for CKD was comparable between simple CHD and 
controls.

In line with our findings, previous cohort-based studies found that pa-
tients with CHD had a higher prevalence of atrial fibrillation, heart failure, 
and stroke compared with matched controls.15,24 The population of both 
studies consisted mainly of simple or ‘non-severe’ CHD, but both in-
cluded severe CHD in their analyses. Unlike our findings, both studies 

found a lower prevalence of stroke compared with other cardiovascular 
diseases. This difference may be attributed to the young average age in 
both studies, their results not being stratified by CHD severity, and their 
use of short-term estimates compared with our lifetime risks.7,13,38

The two cohort-based studies found an association between pa-
tients with stroke and CHD regardless of CHD severity compared 
with matched controls, most notably in men.39,40 However, the risk dif-
fered according to the type of CHD. In fact, previous studies suggested 
that the CHD type was a better predictor of stroke than atheroscler-
otic risk factors in patients with CHD.41 In accordance with this, we 
found that the association between stroke and simple CHD was mainly 
driven by ASD. The risk of stroke in ASD is increased by paradoxical 
embolism and atrial fibrillation.

Chronic kidney disease is a significant predictor of mortality in pa-
tients with CHD.14,42 While we found a comparable risk between sim-
ple CHD and controls for CKD, others did not.15,24 Those studies 
included people with severe CHD and a younger population. Severe 
CHD is associated with a higher risk of developing CKD compared 
with simple CHD, which may explain the difference in our results.43

Among invasively treated simple CHD patients, we found a reduced as-
sociated risk for stroke, myocardial infarction, and heart failure compared 
with untreated simple CHD. Some of these findings were not surprising, as 
persisting shunts dispose to, among others, heart failure, and stroke.44,45

Previous studies have found an increased myocardial infarction risk in 
both ASD and VSD, but those who compared treated and untreated 
CHD had limited sample size.13,46 We found no difference in the risk of in-
fective endocarditis between treated and untreated simple CHD patients. 
The majority of our treated patients had isolated ASD, which has a negli-
gible infective endocarditis risk, which also applies to isolated PS or VSD 
without valvular heart disease.47 Thus, the potential difference would likely 
be small, requiring a much larger sample size of treated patients.

While the association between CHD and some diseases is well under-
stood, including stroke risk in ASD or infective endocarditis in shunts, 
further research in the mechanisms behind the association with other 
comorbidities is warranted.8 Previous studies have shown that untreated 
shunts are a risk factor for infective endocarditis, heart failure, and stroke 
and untreated PS for atrial arrhythmia.44,45,48,49 Yet, cardiac invasive 
treatment can be a risk factor for atrial arrhythmia.50 Several mechan-
isms behind the increased risk of comorbidities in patients with CHD 
have been suggested. Increased risk of myocardial infarction in patients 
with CHD has come to focus in recent years due to increased life ex-
pectancy, and the risk seems to be CHD-related lesion dependent rather 
than based on atherosclerotic basis.51 Due to the observational nature of 
our study, we can only speculate on the mechanisms behind this risk, 
being mainly driven by VSD patients and not, e.g. ASD. In this study, 
10.8% of the patients with VSD had undergone interventional treatment. 
While interventricular shunts are more commonly left-to-right shunts, 
certain conditions can, over time, reverse the untreated shunt, which 
may facilitate intra-cardiac shunt-paradoxical coronary embolism.52

Obesity, partly related to a reduced physical fitness and sedentary life-
style, and endocrine diseases can cause hyperlipidaemia and can cause 
hormonal disruption, leading to an increased risk of arrhythmias.28,43

Lastly, structural changes stemming from CHD can alter the structural 
and molecular properties of the heart and lung vasculature.53

Strengths and limitations
The main strengths of this nationwide study include the unique large 
sample size, long-term inclusion period, low risk of selection bias, and 
minimal loss to follow-up due to the tax-supported healthcare system 
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with universal access for all Danish citizens. The low incidence and in-
creasing prevalence of CHD make large-scale observational studies op-
timal to investigate long-term outcomes.

The main limitation in this study relates to the absence of some clin-
ical data from the nationwide registers. This includes detailed descrip-
tions of the lesions or lifestyle information (such as smoking or body 
mass index). These data may be important to determine the exact se-
verity of the CHD or can affect the long-term risk of developing 
comorbidities. Furthermore, ICD-8 and ICD-10 do not discern 
between CHD severity, raising the possibility of misclassification. We 
have therefore chosen a proxy for simple severity where the included 
patients have an isolated CHD lesion and have survived the first 5 years. 
This was partly inspired by the American Heart Association guidelines 
and partly by a previous registry-based study.7,10 To reduce the regis-
tration problem related to individuals with multiple CHDs with differ-
ent diagnosis dates, we excluded patients if they received a second 
CHD diagnosis later in life. We have described this in more detail in 
a previous paper.9

Another limitation to our study is the possibility of surveillance bias, 
which may lead to an overestimation of the lifetime risks of comorbid-
ities. Patients diagnosed with simple CHD compared with individuals 
without CHD could be more likely to have frequent contacts to their 
physicians. This may lead to more frequent tests. Some outcomes lead 
to diagnostic workup resulting in simple CHD diagnosis. As the 
authors have previously shown, an increasing percentage of the annu-
ally diagnosed patients with ASD had a stroke preceding their ASD 
diagnosis within 1 year.9 This may lead to an overestimation of the life-
time risk of stroke in patients with ASD, as there is an unknown, un-
diagnosed part of the ASD population that did not have a stroke 
diagnosis but was never diagnosed with ASD and, thus, does not con-
tribute to the lifetime risk analysis. While this form of bias cannot be 
ruled out, we reassuringly did not find an increased neoplasm risk in 
patients with simple CHD, as some forms of neoplasms are sensitive 
to overdiagnosis.54

An additional limitation concerns the comparison of lifetime risks 
between patients who received invasive treatment and untreated 
patients. Treated and untreated patients have different distributions 
of birth year, making comparison difficult. Since patients who were 
treated before age x contributed to comorbidity events and risk 
time to the analysis of lifetime risks in the treated group after 
age x, it is difficult to adjust the comparison of the lifetime risks 
for predictors (confounders) that change during life. Secondly, 
some of the observed significant differences in risks favouring trea-
ted patients may be due to the relatively small number of treated 
patients compared with untreated for VSD, PDA, and PS, thus lim-
iting the number of events and underestimating the risk in the trea-
ted group.

Lastly, we calculated the lifetime risk of comorbidities based on the 
current registry data. Extrapolation of the results to children born with 
simple CHD in the future must therefore be done cautiously with this in 
mind.

Conclusion
The current study found that both men and women with simple CHD 
face a considerably increased lifetime risk of both cardiovascular and 
non-cardiovascular morbidity compared with individuals without 
CHD. These findings highlight the need for increased attention among 
clinicians for long-term morbidity in patients with simple CHD and 

early identification and management of risk factors. Future studies 
should determine the optimal course and degree of follow-up.

Supplementary data
Supplementary data is available at European Heart Journal online.
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