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ORIGINAL RESEARCH

Cause-Specific Mortality of Patients With 
Atrial Septal Defect and Up to 50 Years of 
Follow-Up
Valtteri Muroke , MD; Mikko Jalanko , MD, PhD; Jari Haukka , PhD; Juha Sinisalo , MD, PhD

BACKGROUND: This study aimed to evaluate the long-term mortality and cause-specific mortality of patients with atrial septal 
defect (ASD) in a nationwide cohort.

METHODS AND RESULTS: All patients diagnosed with simple ASD in the hospital discharge registry from 1969 to 2019 were 
included in the study. Complex congenital defects were excluded. Each subject was matched with 5 controls according to 
sex, age, and municipality at the index time. Adjusted mortality risk ratios (MRRs) were calculated using Poisson regression 
models. The median follow-up time was 11.1 years. Patients with ASD had higher overall mortality during follow-up, with an 
adjusted MRR of 1.72 (95% CI, 1.61–1.83). Patients with closed ASDs also had higher total mortality (MRR, 1.29 [95% CI, 
1.10–1.51]). However, no difference in mortality was detected if the defect was closed before the age of 30 (MRR, 1.58 [95% 
CI, 0.90–2.77]), and transcatheter closed defects had lower mortality than the control cohort (MRR, 0.65 [95% CI, 0.42–0.99]). 
Patients with ASD had significantly more deaths due to congenital malformations (MRR, 54.61 [95% CI, 34.03–87.64]), other 
diseases of the circulatory system (MRR, 2.90 [95% CI, 2.42–3.49]), stroke (MRR, 1.89 [95% CI, 1.52–2.33]), diseases of the 
endocrine (MRR, 1.88 [95% CI, 1.10–3.22]) and respiratory system (MRR, 1.71 [95% CI, 1.19–2.45]), ischemic heart disease 
(MRR, 1.62 [95% CI, 1.41–1.86]), and accidents (MRR, 1.41 [95% CI, 1.05–1.89]).

CONCLUSIONS: Patients with ASD had higher overall mortality compared with a matched general population cohort. Increased 
cause-specific mortality was seen in congenital malformations, stroke, and heart diseases.
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Atrial septal defect (ASD) is a common congenital 
heart disease, with a birth prevalence of 2.5/1000 
live births, 25% to 30% of which present in adult-

hood.1,2 ASD allows for left-to-right shunting at the atrial 
level, promoting right-sided cardiac overload and dys-
function. It also serves as a conduit between systemic 
and pulmonary circulation and is involved in the mech-
anism of paradoxical embolism. Patients with ASD have 
increased mortality, more chronic heart diseases, and 
strokes.3–5

Surgical ASD closure enhances patient survival 
and long-term safety when performed at a young 
age.6 In the 2000s, transcatheter closure has become 
the primary therapy for many secundum-type ASDs 

with lower mortality and lower complication rates.7,8 
Transcatheter closure has also been linked to lower 
mortality than surgical closure.8

The most common causes of death for patients 
with ASD are heart diseases, followed by cancer and 
infections.3,9,10 An estimated 30% of the deaths are re-
lated to ASD in surgically closed patients.9

Although numerous studies have been published 
on the long-term mortality of ASDs, most have been 
limited to a small number of outcomes, a small pop-
ulation, or a short follow-up time.3,10–12 Several stud-
ies have reported the causes of death in patients with 
ASD.3,9,13 However, large data sets describing cause-
specific mortality are lacking.
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This research aimed to determine the long-term 
mortality of patients with ASD and the mortality of 
closed defects in a large nationwide cohort of patients 
with long follow-up. We aimed to report new data on 
the causes of death in patients with ASD and identify 
areas that will demand special attention in the long run.

METHODS
Study Setting and Data Source
The data that support the findings of this study are availa-
ble from Statistics Finland and the FHDR (Finnish Hospital 
Discharge Register), but restrictions apply to data availa-
bility, which were used under license for the current study 
and so are not publicly available. Data are, however, avail-
able from the authors upon reasonable request and with 
permission from Statistics Finland and the FHDR.

The research was conducted in Finland, which has 
a population of approximately 5.5 million people.14 
Finnish health services offer tax-supported health care 
to all Finnish people.

We gathered the information of all patients diag-
nosed with ASD from the FHDR (Dnro THL/4814/  
14.02.00/2020). Primum-type defects were not included 
in the study. The FHDR is an old, individual-level data 
register widely used for research purposes. Nationwide 
hospital discharge data with personal identification 

numbers have been collected in the register since 1969. 
Procedural codes were added to the register in 1986. 
Register coverage is reportedly over 95%, and the pos-
itive predictive value for common diagnoses is between 
75% and 99%.15 The validity of many diagnosis codes 
has been studied previously.15–17

The register contains information on admission 
and discharge dates, surgical procedure codes, 
and diagnosis codes according to the International 
Classification of Diseases (ICD). The Eighth Revision of 
the ICD (ICD-8) was used until the end of 1986, the 
Ninth Revision (ICD-9) from 1987 to 1995, and the 
Tenth Revision (ICD-10) thereafter. The ICD codes were 
coded in 2 decimal accuracies. Procedure codes were 
named according to the Finnish hospital alliance codes 
until 1995 and according to the Nordic Classification of 
surgical procedures after that.

All patients with ICD-8, ICD-9, or ICD-10 codes 
for ASD, except for primum defects, were included 
(Table S1). Patients with ICD-8, ICD-9, or ICD-10 codes 
for more severe congenital heart disease were ex-
cluded, except codes not specific to congenital heart 
disease (747.7–747.9 [ICD-8], 7474x–7479x [ICD-9], and 
Q26.5–Q26.6 [ICD-10]). Out of all congenital heart dis-
eases, only the patent arterial duct was considered a 
less severe defect. All the included patients had rel-
evant data elements available, and no patients were 
excluded because of the missing data.

For every patient with ASD, 5 individually matched con-
trols from the general population were matched to birth 
year, residence (city or municipality) at the index date, and 
sex. The index date was defined as the date of closure 
and date of diagnosis for patients with unclosed ASD. 
Controls were excluded if they had diagnosis of ASD.

Data on deaths were obtained from Statistics 
Finland. Both underlying and immediate causes of 
death were coded using ICD. In addition, a cause of 
death classification with 54 categories was used.18

Statistical Analysis
Mortality risk ratios (MRR) were adjusted for sex, age, 
year at the start of follow-up, and age at the start of the 
Lexis period. Interactions between confounders and the 
main exposure in the final model can be found in the 
Table S2. Comorbidity was indexed using the Charlson 
comorbidity index, which includes diagnoses for dia-
betes, malignancies, human immuno deficiency virus, 
and cerebral, heart, liver, lung, and renal diseases.19,20 
Conditions that could have been a direct consequence 
of ASD, such as cerebrovascular disease and hemipare-
sis, were excluded from the index. Comorbidities were 
tested in the model using nested case–control analysis. 
The nested case–control analysis included 5 controls 
still under observation for each case with an outcome. 
Comorbidity indexing did not have a notable impact on 

CLINICAL PERSPECTIVE

What Is New?
•	 Patients with atrial septal defect have higher 

overall mortality compared with a control co-
hort; however, increased mortality is not seen if 
the defect is closed before the age of 30.

•	 Higher mortality is not seen in atrial septal de-
fects closed with the transcatheter approach.

•	 Increased cause-specific mortality is seen in 
congenital malformations, stroke, and ischemic 
heart disease.

What Are the Clinical Implications?
•	 Patients with atrial septal defect may warrant 

long-term cardiology follow-up because of their 
higher cardiovascular mortality.

•	 Transcatheter atrial septal defect closure should 
be preferred in eligible patients.
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MRR	 mortality risk ratio
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the results and was not included in the main analysis. 
Down syndrome was also examined in the model, but it 
had no discernible effect on the outcome and was not in-
cluded in the main analysis (Table S3). The comorbidity-
adjusted odds ratios are shown in Tables S4 and S5.

Follow-up began from the time of diagnosis and 
continued until death or the end of follow-up (December 
31, 2019). Kaplan–Meier estimates were calculated 
from the time of diagnosis. We modeled mortality using 
Poisson regression models with a Lexis-type data 
structure with 3 time scales: age, calendar year, and 
time since diagnosis.21 Poisson regression with 95% 
CIs was used to calculate MRRs. The duration was off-
set in the Poisson analysis. The Shapiro–Wilk test was 
used to determine the normality of baseline variables. 
The chi-square test or Mann–Whitney U-test was used 
to compare baseline characteristics. All analyses were 
performed using R software, version 4.2.1.

Ethics
The Helsinki university hospitals ethics commit-
tee approved this study on November 7, 2019 (num. 
HUS/1820/2019), and it was conducted following 
the Declaration of Helsinki. Patient consent was not 
needed for register-based research.

RESULTS
Study Cohort
A total of 14 331 patients had a diagnosis code for ASD 
or a procedural code for ASD closure in the FHDR 

between 1969 and 2019. After exclusion, a total of 9084 
patients were included in the study (Figure 1). The rate 
of ASD diagnoses began increasing between 1990 
and 2000. Consequently, the majority (71.1%) had start 
of the follow-up in the 2000s (Figure 2). The median 
follow-up was 11.1 years (range, 0–51 years). The num-
ber of patients in different birth cohorts is described in 
Table 1. Follow-up data were available for 9017 (99.3%) 
patients, resulting in 131 003 patient-years.

Patients with ASD had more baseline comorbid-
ities at the time of diagnosis than the control group 
(Table  1). ASD closure was performed for 2281 pa-
tients from 1986 to 2019 at the mean age of 30.8 years 
(range, 0–84 years). Of these patients, 1472 had surgi-
cal closure, and 856 had transcatheter closure. All the 
surgical and transcatheter closures were performed at 
Finland’s 5 university hospitals.

Mortality
Patients with ASD had higher overall mortality, with an 
adjusted MRR of 1.72 (95% CI, 1.61–1.83). MRRs were 
1.79 (95% CI, 1.65–1.94) for female patients and 1.64 
(95% CI, 1.48–1.81) for male patients. Female patients 
with ASD had lower mortality compared with male 
counterparts (MRR, 0.66 [95% CI, 0.59–0.74]). This 
mortality difference was also seen in the control popu-
lation (MRR, 0.61 [95% CI, 0.58–0.65]). Mortality in dif-
ferent birth cohorts is shown in Figure S1.

Patients with closed ASDs had higher total mortality 
(MRR, 1.29 [95% CI, 1.10–1.51]) (Figure  3). No differ-
ence in mortality was detected if the defect was closed 
before the age of 30 (MRR, 1.58 [95% CI, 0.90–2.77]) 

Figure 1.  Patient selection flow chart.
ASD indicates atrial septal defect; and ICD, International Classification of Diseases.
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(Figure S2). In surgically closed defects, the MRR was 
1.49 (95% CI, 1.26–1.76) (Figure 4).

Patients with transcatheter-closed defects had 
lower mortality than the control cohort (MRR, 0.65 
[95% CI, 0.42–0.99]). Lower mortality was also seen 
when compared with surgically closed defects (MRR, 
0.37 [95% CI, 0.23–0.59]) (Figure 3).

There were in total 1271 deaths in the ASD popula-
tion (Table 2). A total of 98 deaths had occurred in the 
patient group by the age of 30 and 202 deaths by the 
age of 50. This equated to a cumulative mortality risk 
of 1.1% at 30 years of age and 2.2% at 50 years. The 
comparable cumulative mortality risks were 0.2% and 
0.7% in the control cohort, respectively.

The 30-day mortality after closure was 0.2% (n=5), 
each incident of which occurred after surgical closure. 
One of the patients died at the age of 8 years. The 
cause of death of 2 patients was a secundum-type 
ASD. The other 3 died of ischemic heart disease.

Cause-Specific Mortality
Ischemic heart disease (20%, n=251), congenital mal-
formations (15.2%, n=193), and neoplasms (12.4%, 
n=158) were the most common causes of death in 
patients with ASD. Congenital malformations are de-
fined as any ICD code for congenital malformation that 
could have been logically implicated as the root cause 
of death. The defect itself was the cause of death in 
7.5% (n=95) of patients with ASD.

Compared with the controls, patients with ASD ex-
perienced significantly more deaths due to any kind of 
congenital malformation (MRR, 54.61 [95% CI, 34.03–
87.64]), other diseases of the circulatory system (MRR, 
2.90 [95% CI, 2.42–3.49]), stroke (MRR, 1.89 [95% 
CI, 1.52–2.33]), diseases of the endocrine (MRR, 1.88 
[95% CI, 1.10–3.22]) and respiratory systems (MRR, 
1.71 [95% CI, 1.19–2.45]), ischemic heart disease 
(MRR, 1.62 [95% CI, 1.41–1.86]), and accidents (MRR, 
1.41 [95% CI, 1.05–1.89]) (Figure 5).

Risk of death from other heart diseases was most pro-
nounced in valvular diseases (MRR, 5.65 [95% CI, 3.89–
8.21]), cardiomyopathies (MRR, 3.77 [95% CI, 2.286.23]), 
and rhythm disturbances (MRR, 3.19 [95% CI, 1.43–7.11]). 
The adjusted MRR for having heart failure as the imme-
diate cause of death was 4.99 (95% CI, 3.90–6.40). Total 
cardiovascular mortality is shown in Figure 3.

We observed no difference in neoplasm (MRR, 1.01 
[95% CI, 0.86–1.18]), dementia (MRR, 0.92 [95% CI, 0.73–
1.18]), central nervous system disease (MRR, 1.46 95% 
[CI, 0.96–2.22]), infectious disease (MRR, 1.32 [95% CI, 
0.82–2.12]), suicide (MRR, 1.20 [95% CI, 0.76–1.89]), or 
alcohol-related mortality (MRR, 1.13 [95% CI, 0.76–1.68]).

DISCUSSION
This study is the most extensive nationwide cohort 
describing mortality and causes of death in patients 

Figure 2.  Patient age and the decade at the start of follow-up.
Bars are divided according to different age groups. Age refers to 
the age at the start of follow-up.

Table 1.  Baseline Characteristics at the Time of Diagnosis

Characteristic
ASD group 
(n=9084)

Control 
group 
(n=43 341) P value

Age at the start of follow-up, y 26.0 (26.2) 25.6 (26.4) 0.20

Median follow-up 
(interquartile range)

11.1 (5.1–19.4) 11.4 (5.5–19.3) 0.04*

Female sex 60.5 (5492) 60.1 (26068) 0.59

Birth year

2000–2019 32.4 (2941) 33.7 (14606) 0.001*

1980–1999 19.1 (1735) 19.9 (8629)

1960–1979 16.4 (1488) 16.4 (7102)

1940–1959 19.3 (1757) 17.6 (7642)

1920–1939 11.3 (1025) 11.0 (4746)

Before 1920 1.5 (138) 1.4 (616)

Age at the time of death, y 67.0 (21.3) 75.2 (15.6) <0.001*

Hypertension 7.0 (639) 3.7 (1620) <0.001*

Atrial fibrillation 8.6 (785) 1.4 (626) <0.001*

Pulmonary hypertension 0.8 (68) 0.02 (9) <0.001*

Diabetes 2.6 (240) 1.8 (772) <0.001*

Ischemic heart disease 5.8 (529) 2.8 (1200) <0.001*

Stroke 6.2 (563) 1.1 (492) <0.001*

Down syndrome 2.9 (265) 0.06 (26) <0.001*

Type of defect

Secundum 62.2 (5646)

Sinus venosus 0.9 (78)

Unroofed coronary sinus 0.08 (7)

Undetermined 36.9 (3353)

Values are presented as mean (SD) or percentage (number of patients).
ASD indicates atrial septal defect.
*Indicates statistcally significant difference.
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with ASD and long follow-up times. It shows that the 
mortality of patients with ASD is higher compared with 
the background population. The follow-up in our study 
can be considered nearly complete, as only emigrated 
patients are lost to follow-up.

Similar increases in mortality were also seen in pre-
vious studies.3,22 The increase in mortality was similar 
in male and female groups in contrast to a Dutch study, 
which found increased mortality only in the male pop-
ulation with ASD.10

Cause-Specific Mortality
Increased mortality was seen mainly because of heart 
diseases and congenital malformations. Stroke and 
heart failure can be considered a direct consequence 

of ASD, and valvular diseases may result from volume 
overload caused by ASD. However, there is no explicit 
mechanism for the increased mortality due to ischemic 
heart diseases. This finding can only be speculated. In 
our study patients with ASD had more risk factors like 
diabetes and hypertension for coronary artery disease, 
which could explain the higher mortality in ischemic 
heart diseases. To our knowledge, increased mortality 
in patients with ASD due to ischemic heart diseases 
has not been published previously. We did not find 
any apparent reason for the increased mortality due to 
endocrine and respiratory diseases or accidents, but 
competing causes of death may have contributed to 
this finding.

ASD was the cause of death in 7.5% of the patients. 
Immediate cause of death information was available for 

Figure 3.  Kaplan–Meier estimates of mortality.
Long-term mortality according to study groups. A, Total mortality, (B), cardiovascular mortality, (C), mortality of closed atrial septal 
defects compared with the control population, (D), mortality of transcatheter and surgically closed patients. Only individualized 
controls were included in the analysis. Mortality risk ratios are adjusted to sex, age, year at the start of follow-up, and age at the 
beginning of follow-up. ASD indicates atrial septal defect; and TC, transcatheter.
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68% of these patients, with heart failure as the immediate 
cause of death in 46% of patients, and ASD was deemed 
the cause of the failing heart. In the Danish cohort, 14% to 
15% of patients had ASD as the cause of death.3

Closed Defects
We found that, overall, closed ASDs had higher mor-
tality compared with the controls. Excess mortality 
was not seen if the ASD was closed before 30 years 
of age.

Interestingly, mortality was lower in percutaneously 
closed defects. This finding has not been reported 
previously. Previously, long-term mortality has been 
reported to be similar between percutaneously closed 
defects and matched control populations.13,23

This low mortality may be explained by selection. 
Patients with advanced diseases and poor progno-
ses are often left untreated. In addition, patients with 
ASD and pulmonary vascular resistance ≥5 Woods 

units are not closed. Low mortality may also be influ-
enced by the fact that only small to moderate-sized, 
centrally located defects are suitable for catheter 
closure, and transcatheter-closed defects tend to be 
hemodynamically less severe.24 Lower mortality of 
transcatheter-closed defects compared with the sur-
gically closed ones (MRR, 0.37) is also at least partly 
explained by the aforementioned patient selection 
and indication bias.

Murphy et al reported similar findings on surgically 
closed patients in 1990.6 They found that patients with 
ASD did not have increased mortality if the defect was 
closed before the age of 25. Patients in that study 
were operated on between 1956 and 1960. Similarly, 
an excellent long-term prognosis has been reported 
in a Dutch study that included <15-year-old patients 
operated on between 1969 and 1980.25 In our cohort 
of operated patients, the operations were performed 
between 1986 and 2019.

Figure 4.  Mortality risk ratios in different ASD groups compared with the control population.
Mortality risk ratios are adjusted to sex, age, year at the start of follow-up, and age at the beginning of 
follow-up. ASD indicates atrial septal defect; and MRR, mortality risk ratio.
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A nationwide Danish cohort study by Nyboe et al 
reported that mortality was not higher if the defect 
was closed before 18 years of age.3 They did not re-
port data separately for percutaneously and surgically 
closed defects.

The low 30-day mortality after closure is in con-
cordance with previous studies.3,26–28 The 30-day 
mortality after catheter closure was 0%, emphasizing 
procedural safety.

Limitations
This study was limited by the retrospective nature of its 
design. Despite the FHDR reportedly being accurate, 
the possibility of coding misclassifications cannot be 
completely excluded.

There is some selection bias in patients born 
before 1969, as patients with more severe defects 
may have died before the start of follow-up. For pa-
tients born before 1969 (n=3739, 41.1% of the study 

population), the date of diagnosis cannot be known 
for sure. Follow-up began with the first time that the 
diagnosis appeared in the FHDR. In patients born 
before 1969, this could mean the date of diagnosis 
or a follow-up visit.

The closure rate for patients with ASD in the whole 
cohort is unknown, as procedural codes were included 
in the discharge registry only after 1986. Information 
about the ASD subtypes was limited because ICD-8 
and ICD-9 (used from 1969 to 1995) were not specific 
enough to describe various types of ASD. Thus 36.9% 
of defects were labeled as undetermined.

CONCLUSIONS
Patients with ASD had higher overall mortality com-
pared with a matched general population cohort. 
Higher cause-specific mortality was seen in congeni-
tal malformations, stroke, and heart diseases. Patients 

Table 2.  Number of Deaths and All-Cause Mortality Rates (per 1000 Person-Years) for Baseline Characteristics

Group

ASD Control

Pyears Event Rate (95% CI) Pyears Event Rate (95% CI) MRR (95% CI)

Sex Male 50.31 498 9.90 (9.05–10.81) 242.64 1681 6.93 (6.60–7.27) 1.43 (1.29–1.57)

Female 80.70 773 9.58 (8.92–10.28) 375.10 2572 6.86 (6.59–7.13) 1.39 (1.28–1.51)

Age at the SOF, y <30 91.04 188 2.07 (1.78–2.38) 411.18 324 0.79 (0.70–0.88) 2.62 (2.19–3.14)

30–60 29.85 452 15.14 (13.78–16.60) 146.65 1514 10.32 (9.81–10.86) 1.47 (1.32–1.63)

>60 10.11 631 62.41 (57.63–67.47) 59.90 2415 40.32 (38.72–41.96) 1.55 (1.42–1.69)

Year at the SOF <1980 36.49 365 10.00 (9.00–11.08) 131.08 1168 8.91 (8.41–9.44) 1.12 (0.99–1.26)

1980–2000 38.03 400 10.52 (9.51–11.60) 201.88 1409 6.98 (6.62–7.35) 1.51 (1.35–1.68)

>2001 56.48 506 8.96 (8.20–9.77) 284.77 1676 5.89 (5.61–6.17) 1.52 (1.38–1.68)

Hypertension no 126.45 1084 8.57 (8.07–9.10) 607.17 3746 6.17 (5.97–6.37) 1.39 (1.30–1.49)

yes 4.55 187 41.11 (35.43–47.44) 10.57 507 47.97 (43.89–52.34) 0.86 (0.72–1.01)

Atrial fibrillation no 125.34 985 7.86 (7.38–8.37) 613.93 4020 6.55 (6.35–6.75) 1.20 (1.12–1.29)

yes 5.67 286 50.47 (44.79–56.67) 3.81 233 61.20 (53.60–69.59) 0.82 
(0.69–0.98)

Pulmonary hypertension no 130.62 1246 9.54 (9.02–10.08) 617.63 4251 6.88 (6.68–7.09) 1.39 (1.30–1.48)

yes 0.38 25 65.13 (42.15–96.15) 0.10 <5 19.37 (2.35–69.96) 3.36 
(0.80–14.20)

Diabetes no 129.37 1164 9.00 (8.49–9.53) 611.80 3993 6.53 (6.33–6.73) 1.38 (1.29–1.47)

yes 1.63 107 65.55 (53.72–79.21) 5.94 260 43.80 (38.64–49.46) 1.50 (1.19–1.87)

Ischemic heart disease no 126.67 1031 8.14 (7.65–8.65) 608.37 3745 6.16 (5.96–6.36) 1.02 (0.88–1.19)

yes 4.33 240 55.44 
(48.65–62.92)

9.36 508 54.26 (49.64–59.19) 8.81 (8.03–9.67)

Stroke no 126.88 1173 9.25 (8.72–9.79) 614.47 4054 6.60 (6.40–6.80) 1.40 (1.31–1.50)

yes 4.12 98 23.76 (19.29–28.96) 3.26 199 60.97 (52.79–70.05) 0.39 (0.31–0.50)

Down syndrome no 128.80 1257 9.76 (9.23–10.31) 617.56 4251 6.88 (6.68–7.09) 1.42 (1.33–1.51)

yes 2.20 14 6.36 (3.48–10.68) 0.17 <5 11.52 (1.40–41.60) 0.55 (0.13–2.43)

Reported risk ratios are crude risk ratios. CIs are calculated using exact method.
ASD indicates atrial septal defect; MRR, mortality risk ratio; Pyears, Person years; SOF, start of the follow-up.



J Am Heart Assoc. 2023;12:e027635. DOI: 10.1161/JAHA.122.027635� 8

Muroke et al� Cause-Specific Mortality of Patients With ASD

applicable for transcatheter closure have an excellent 
prognosis.

ARTICLE INFORMATION
Received July 28, 2022; accepted December 7, 2022.

Affiliations
Department of Cardiology, Helsinki University Hospital and University 
of Helsinki, Helsinki, Finland (V.M., M.J., J.S.);  and Department of Public 
Health, Clinicum, University of Helsinki, Helsinki, Finland (J.H.).

Sources of Funding
This work was supported by the Emil Aaltonen Foundation, Tampere, Finland.

Disclosures
None.

Supplemental Material
Table S1–S5
Figure S1–S2

REFERENCES

	 1.	 van der Linde D, Konings EEM, Slager MA, Witsenburg M, Helbing WA, 
Takkenberg JJM, Roos-Hesselink JW. Birth prevalence of congenital 
heart disease worldwide: a systematic review and meta-analysis. J Am 
Coll Cardiol. 2011;58:2241–2247. doi: 10.1016/j.jacc.2011.08.025

	 2.	 Brida M, Chessa M, Celermajer D, Li W, Geva T, Khairy P, Griselli M, 
Baumgartner H, Gatzoulis MA. Atrial septal defect in adulthood: a new 
paradigm for congenital heart disease. Eur Heart J. 2022;43:2660–
2671. doi: 10.1093/eurheartj/ehab646

	 3.	 Nyboe C, Karunanithi Z, Nielsen-Kudsk JE, Hjortdal VE. Long-term 
mortality in patients with atrial septal defect: a nationwide cohort-study. 
Eur Heart J. 2018;39:993–998. doi: 10.1093/eurheartj/ehx687

	 4.	 Dolgner SJ, Steinberg ZL, Jones TK, Reisman M, Buber J. Stroke 
in patients with secundum atrial septal defect and sequelae after 
transcatheter closure. Heart. 2021;107:1875–1880. doi: 10.1136/
heartjnl-2021-319050

	 5.	 Nyboe C, Olsen MS, Nielsen-Kudsk JE, Hjortdal VE. Atrial fibrillation and 
stroke in adult patients with atrial septal defect and the long-term effect 
of closure. Heart. 2015;101:706–711. doi: 10.1136/heartjnl-2014-306552

	 6.	 Murphy JG, Gersh BJ, McGoon MD, Mair DD, Porter CJ, Ilstrup 
DM, McGoon DC, Puga FJ, Kirklin JW, Danielson GK. Long-term 

Figure 5.  Cause-specific mortality risk ratios of patients with ASD compared with the control population.
Mortality risk ratios are calculated using Poisson regression and adjusted to sex, age, year at the start of follow-up, and age at the 
beginning of follow-up. ASD indicates atrial septal defect; CNS, central nervous system; and MRR, mortality risk ratio.

https://doi.org//10.1016/j.jacc.2011.08.025
https://doi.org//10.1093/eurheartj/ehab646
https://doi.org//10.1093/eurheartj/ehx687
https://doi.org//10.1136/heartjnl-2021-319050
https://doi.org//10.1136/heartjnl-2021-319050
https://doi.org//10.1136/heartjnl-2014-306552


J Am Heart Assoc. 2023;12:e027635. DOI: 10.1161/JAHA.122.027635� 9

Muroke et al� Cause-Specific Mortality of Patients With ASD

outcome after surgical repair of isolated atrial septal defect. Follow-up 
at 27 to 32 years. N Engl J Med. 1990;323:1645–1650. doi: 10.1056/
NEJM199012133232401

	 7.	 Du Z-D, Hijazi ZM, Kleinman CS, Silverman NH, Larntz K. Comparison 
between transcatheter and surgical closure of secundum atrial sep-
tal defect in children and adults: results of a multicenter nonran-
domized trial. J Am Coll Cardiol. 2002;39:1836–1844. doi: 10.1016/
S0735-1097(02)01862-4

	 8.	 Villablanca PA, Briston DA, Rodés-Cabau J, Briceno DF, Rao G, Aljoudi 
M, Shah AM, Mohananey D, Gupta T, Makkiya M, et al. Treatment op-
tions for the closure of secundum atrial septal defects: a systematic re-
view and meta-analysis. Int J Cardiol. 2017;241:149–155. doi: 10.1016/j.
ijcard.2017.03.073

	 9.	 Raissadati A, Nieminen H, Haukka J, Sairanen H, Jokinen E. Late 
causes of death after pediatric cardiac surgery. J Am Coll Cardiol. 
2016;68:487–498. doi: 10.1016/j.jacc.2016.05.038

	10.	 Kuijpers JM, van der Bom T, van Riel ACMJ, Meijboom FJ, van Dijk 
APJ, Pieper PG, Vliegen HW, Waskowsky WM, Oomen T, Zomer AC, 
et al. Secundum atrial septal defect is associated with reduced survival 
in adult men. Eur Heart J. 2015;36:2079–2086. doi: 10.1093/eurheartj/
ehv097

	11.	 Brida M, Diller GP, Kempny A, Drakopoulou M, Shore D, Gatzoulis MA, 
Uebing A. Atrial septal defect closure in adulthood is associated with 
normal survival in the mid to longer term. Heart. 2019;105:1014–1019. 
doi: 10.1136/heartjnl-2018-314380

	12.	 Roos-Hesselink JW, Meijboom FJ, Spitaels SEC, van Domburg R, van 
Rijen EHM, Utens EMWJ, AJJC B, Simoons ML, et al. Excellent sur-
vival and low incidence of arrhythmias, stroke and heart failure long-
term after surgical ASD closure at young age. A prospective follow-up 
study of 21–33 years. Eur Heart J. 2003;24:190–197. doi: 10.1016/
S0195-668X(02)00383-4

	13.	 Abrahamyan L, Dharma C, Alnasser S, Fang J, Austin PC, Lee DS, 
Osten M, Horlick EM. Long-term outcomes after atrial septal defect 
transcatheter closure by age and against population controls. JACC 
Cardiovasc Interv. 2021;14:566–575. doi: 10.1016/j.jcin.2020.12.029

	14.	 Statistics Finland—Population [Internet]. Tilastokeskus; [cited 2022 Jan 
17]. Available from: https://www.stat.fi/til/vrm_en.html

	15.	 Sund R. Quality of the Finnish hospital discharge register: a system-
atic review. Scand J Public Health. 2012;40:505–515. doi: 10.1177/​
1403494812456637

	16.	 Okkonen M, Havulinna AS, Ukkola O, Huikuri H, Ketonen M, Kesäniemi 
YA, Mustonen J, Airaksinen J, Salomaa V. The validity of hospital dis-
charge register data on non-ST-elevation and ST-elevation myocar-
dial infarction in Finland. Scand Cardiovasc J. 2020;54:108–114. doi: 
10.1080/14017431.2019.1686165

	17.	 Vuori MA, Laukkanen JA, Pietilä A, et al. The validity of heart failure 
diagnoses in the Finnish Hospital Discharge Register. Scand J Public 
Health. 2019;48:20–28.

	18.	 Causes of death, time series classification | Tilastokeskus [Internet]. 
[cited 2022 Jan 14]. Available from: https://tilas​tokes​kus.fi/en/luoki​tukse​
t/kuoli​nsyyt/

	19.	 Ludvigsson JF, Appelros P, Askling J, Byberg L, Carrero J-J, Ekström 
AM, Ekström M, Smedby KE, Hagström H, James S, et al. Adaptation of 
the Charlson comorbidity index for register-based research in Sweden. 
Clin Epidemiol. 2021;13:21–41. doi: 10.2147/CLEP.S282475

	20.	 Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method 
of classifying prognostic comorbidity in longitudinal studies: de-
velopment and validation. J Chronic Dis. 1987;40:373–383. doi: 
10.1016/0021-9681(87)90171-8

	21.	 Plummer M, Carstensen B. Lexis: an R class for epidemiological studies with 
long-term follow-up. J Stat Softw. 2011;38:1–12. doi: 10.18637/jss.v038.i05

	22.	 Videbæk J, Laursen HB, Olsen M, Høfsten DE, Johnsen SP. Long-term 
nationwide follow-up study of simple congenital heart disease diag-
nosed in otherwise healthy children. Circulation. 2016;133:474–483. 
doi: 10.1161/CIRCULATIONAHA.115.017226

	23.	 Alnasser AS, Lee DS, Osten M, Austin PC, Shah A, Bach Y, Abrahamyan 
L, Yu B, Benson L, Horlick EM. Long-term mortality following transcathe-
ter atrial septal defects closure in comparison to the general population. 
J Am Coll Cardiol. 2020;76:482–484. doi: 10.1016/j.jacc.2020.05.058

	24.	 Engelfriet P, Meijboom F, Boersma E, Tijssen J, Mulder B. Repaired 
and open atrial septal defects type II in adulthood: an epidemiological 
study of a large European cohort. Int J Cardiol. 2008;126:379–385. doi: 
10.1016/j.ijcard.2007.04.044

	25.	 Cuypers JAAE, Opić P, Menting ME, Utens EMWJ, Witsenburg M, 
Helbing WA, van den Bosch AE, Ouhlous M, Domburg RT, van 
Meijboom FJ, et al. The unnatural history of an atrial septal defect: lon-
gitudinal 35 year follow up after surgical closure at young age. Heart. 
2013;99:1346–1352. doi: 10.1136/heartjnl-2013-304225

	26.	 Ueda H, Yanagi S, Nakamura H, Ueno K, Gatayama R, Asou T, Yasui 
S. Device closure of atrial septal defect: Immediate and mid-term re-
sults. Circ J Off J Jpn Circ Soc. 2012;76:1229–1234. doi: 10.1253/circj.
CJ-11-1379

	27.	 Sadiq M, Kazmi T, Rehman AU, Latif F, Hyder N, Qureshi SA. Device 
closure of atrial septal defect: medium-term outcome with special ref-
erence to complications. Cardiol Young. 2012;22:71–78. doi: 10.1017/
S104795111100093X

	28.	 Abaci A, Unlu S, Alsancak Y, Kaya U, Sezenoz B. Short and long term 
complications of device closure of atrial septal defect and patent fora-
men ovale: meta-analysis of 28,142 patients from 203 studies. Catheter 

Cardiovasc Interv. 2013;82:1123–1138. doi: 10.1002/ccd.24875

https://doi.org//10.1056/NEJM199012133232401
https://doi.org//10.1056/NEJM199012133232401
https://doi.org//10.1016/S0735-1097(02)01862-4
https://doi.org//10.1016/S0735-1097(02)01862-4
https://doi.org//10.1016/j.ijcard.2017.03.073
https://doi.org//10.1016/j.ijcard.2017.03.073
https://doi.org//10.1016/j.jacc.2016.05.038
https://doi.org//10.1093/eurheartj/ehv097
https://doi.org//10.1093/eurheartj/ehv097
https://doi.org//10.1136/heartjnl-2018-314380
https://doi.org//10.1016/S0195-668X(02)00383-4
https://doi.org//10.1016/S0195-668X(02)00383-4
https://doi.org//10.1016/j.jcin.2020.12.029
https://www.stat.fi/til/vrm_en.html
https://doi.org//10.1177/1403494812456637
https://doi.org//10.1177/1403494812456637
https://doi.org//10.1080/14017431.2019.1686165
https://tilastokeskus.fi/en/luokitukset/kuolinsyyt/
https://tilastokeskus.fi/en/luokitukset/kuolinsyyt/
https://doi.org//10.2147/CLEP.S282475
https://doi.org//10.1016/0021-9681(87)90171-8
https://doi.org//10.18637/jss.v038.i05
https://doi.org//10.1161/CIRCULATIONAHA.115.017226
https://doi.org//10.1016/j.jacc.2020.05.058
https://doi.org//10.1016/j.ijcard.2007.04.044
https://doi.org//10.1136/heartjnl-2013-304225
https://doi.org//10.1253/circj.CJ-11-1379
https://doi.org//10.1253/circj.CJ-11-1379
https://doi.org//10.1017/S104795111100093X
https://doi.org//10.1017/S104795111100093X
https://doi.org//10.1002/ccd.24875


Supplemental Material 



Table S1. ICD codes used to define atrial septal defect and procedural codes for 
defect closure.  ICD = International classification of diseases, NCSP = Nordic 
classification of surgical procedures.  

 

ICD-10 ICD-9 ICD-8 NCSP 
Finnish hospital  
Alliance codes 

Q21.10 7455A 746,42 FFC00 5205 

Q21.12 7458X 746,43 FFC02  

Q21.13 7459X  FFC03  

Q21.14   FFC22  

Q21.15   FFC50  

Q21.18   FFC96  

Q21.19   FFC00  

 



Table S2. Interactions between confounders and main exposure in final model 

 

Interaction Mortality 
risk ratio 

95% CI P-value (Interaction between 
confounder and main 
exposure in the final model)  

Sex:Age 1.73 1.62-1.84 <0.001 

Sex:Age.diagnosis 1.72 1.61-1.83 <0.001 

Sex:SOF 1.72 1.61-1.83 <0.001 

Age:Age.diagnosis 1.72 1.61-1.83 <0.001 

Age:SOF 1.71 1.60-1.82 <0.001 
Age.dgn:SOF 1.72 1.61-1.83 <0.001 

SOF = start of the follow-up 



Table S3. Mortality odds ratios in different models. 

Model 1 →Adjusted risk ratio for Sex  
Model 2 → Adjusted risk ratio for Sex + Age  
Model 3 → Adjusted risk ratio for Sex + Age + Age at the time of diagnosis 
Model 4 → Adjusted risk ratio for Sex + Age + Age at the time of diagnosis + Start of follow up 
Model 5 → Adjusted risk ratio for Sex + Age + Age at the time of diagnosis + Start of follow up + 
Down syndrome 
 

 Mortality 
risk ratio 

Model 1  Model 2  Model 3 Model 4  Model 5 

Total 1.40(1.32
-1.49) 

1.40(1.3
2-1.49) 

1.69 
(1.59-
1.80) 

1.70 
(1.59-
1.81) 

1.72 
(1.61-
1.83) 

1.72 
(1.62-
1.83) 

Infectious 
disease 

1.04 
(0.65 -
1.67) 

1.04 
(0.65 -
1.67) 

1.27 
(0.79 – 
2.04) 

1.27 
(0.79 – 
2.04) 

1.32 
(0.82– 
2.12) 

1.32 
(0.82– 
2.12) 

Neoplasms 0.88(0.75
-1.03) 

0.88 
(0.75-
1.03) 

1.01 
(0.86 – 
1.18) 

1.01 
(0.86 – 
1.18) 

1.01 
(0.86 – 
1.18) 

1.01 
(0.86 – 
1.18) 

Dementia 0.64 
(0.50-
0.82) 

0.64 
(0.50-
0.81) 

0.91(0.7
2-1.16) 

0.91(0.72
-1.16) 

0.92 
(0.73-
1.18) 

0.92 
(0.73-
1.18) 

Endocrine 
diseases 

1.57 
(0.92-
2.68) 

1.56 
(0.92-
2.67) 

1.83 
(1.07-
3.13) 

1.84 
(1.08-
3.14) 

1.88 
(1.10-
3.22) 

1.88 
(1.10-
3.22) 

CNS 
diseases 

1.27 
(0.84-
1.93) 

1.27 
(0.84-
1.92) 

1.45 
(0.95-
2.20) 

1.45 
(0.95-
2.20) 

1.46 
(0.96-
2.22) 

1.46 
(0.96-
2.22) 

Stroke 1.46(1.18
-1.81) 

1.46(1.1
8-1.80) 

1.83 
(1.48-
2.27) 

1.84 
(1.49-
2.28) 

1.89 
(1.52-
2.33) 

1.89 
(1.52-
2.33) 

Ischemic 
heart 
disease 

1.24(1.08
-1.43) 

1.25 
(1.08-
1.43) 

1.57 
(1.36-
1.80) 

1.57 
(1.37-
1.81) 

1.62 
(1.41-
1.86) 

1.62 
(1.41-
1.86) 



Other 
diseases of 
the 
circulatory 
system 

2.33 
(1.94-
2.79) 

2.33 
(1.95-
2.79) 

2.89 
(2.41-
3.47) 

2.88 
(2.40-
3.46) 

2.90 
(2.42-
3.49) 

2.90 
(2.42-
3.48) 

Diseases of 
the 
Respiratory 
system 

1.34 
(0.93-
1.92) 

1.35 
(0.94-
1.93) 

1.65 
(1.15-
2.37) 

1.66 
(1.16-
2.38) 

1.71 
(1.19-
2.45) 

1.71 
(1.19-
2.45) 

Malformati
ons  

46.91 
(29.27-
75.18) 

46.84 
(29.22-
75.07) 

52.33 
(32.63-
83.92) 

52.53 
(32.75-
84.24) 

54.61 
(34.03-
87.64) 

69.61 
(41.10-
117.89) 

Malformati
ons 
excluding 
ASD 

40.7 
(25.31-
65.45) 

40.64 
(25.27-
65.35) 

45.38 
(28.20-
73.02) 

45.55 
(28.31-
73.29) 

46.62 
(28.95-
75.6) 

59.45 
(34.99-
100.99) 

Accidents 
and 
violence 

1.29 
(0.96-
1.72) 

1.30 
(0.97-
1.73) 

1.41 
(1.05-
1.88) 

1.40 
(1.05-
1.88) 

1.41 
(1.05-
1.89) 

1.41 
(1.05-
1.88) 

Suicides 1.32(0.84
-2.07) 

1.33 
(0.84-
2.09) 

1.28 
(0.81-
2.01) 

1.27 
(0.81-
2.00) 

1.20 
(0.76-
1.89) 

1.20 
(0.76-
1.89) 

Alcohol-
related 
diseases 

1.14 
(0.77-
1.70) 

1.15 
(0.77-
1.72) 

1.13 
(0.76-
1.69) 

1.14 
(0.76-
1.70) 

1.13 
(0.76-
1.68) 

1.13 
(0.76-
1.68) 

Rhythm 
disturbance
s 

2.23 
(1.01-
4.94) 

2.22 
(1.00-
4.90) 

3.06 
(1.38-
6.79) 

3.06 
(1.38-
6.78) 

3.19(1.43
-7.11) 

3.19(1.43
-7.11) 

Valve 
disease 

4.39 
(3.03-
6.36) 

4.38 
(3.03-
6.35) 

5.60 
(3.86-
8.12) 

5.59 
(3.85-
8.12) 

5.65(3.89
-8.21) 

5.65(3.89
-8.21) 



Cardiomyo
pathies 

3.54 
(2.15-
5.82) 

3.57 
(2.17-
5.87) 

3.80 
(2.30-
6.26) 

3.76 
(2.28-
6.20) 

3.77(2.28
-6.23) 

3.77(2.28
-6.23) 



Table S4. Mortality odds ratios adjusted for comorbidity. Adjusted for sex + Age 
+ Age at the time of diagnosis + Start of follow up + Charlson comorbidity index 
using nested case control setting. 

 
 

 Adjusted Mortality 
odds ratio 

Total 1.60 (1.46-1.75) 

Infectious disease 1.26 (0.63-2.50) 

Neoplasms 0.95(0.77-1.16) 

Dementia 0.99(0.71-1.39) 

Endocrine diseases 1.65(0.76-3.59) 

CNS diseases 0.91 (0.46-1.79) 

Stroke 2.18 (1.60-2.99) 

Ischemic heart disease 1.63 (1.35-1.98) 

Other diseases of the 
circulatory system 

3.12 (2.34-4.15) 

Diseases of the 
Respiratory system 

1.66(1.03-2.68) 

Malformations  115.65 (35.41-
377.73) 

Malformations excluding 
ASD 

60.02 (22.86-
157.60) 

Accidents and violence 1.50 (0.87 – 2.60) 

Suicides 1.64 (0.40 – 6.82) 

Alcohol-related diseases 1.59 (0.84-3.03) 

Rhythm disturbances 4.22 (1.04 – 17.10) 

Valvular disease 6.22 (3.34 - 11.59) 

Cardiomyopathies 5.92 (2.19 – 16.09) 

 
 
 
 
 



Table S5. Propensity matched Mortality risk ratio analysis Matched for age, age at the 

time of diagnosis, start of the follow-up date and Charlsons comorbidity index. R 

MatchIt package used, method = “nearest”.  

 

 Adjusted Mortality 
odds ratio 

Overall mortality 1.37 (1.29-1.46) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

   

   

   

   

   

 



Figure S1. Mortality by birth cohorts. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figure S2. 

 

A) Closure before the age of 30 

 
 

B) Closure at the age of 30 or older. 
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