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ABSTRACT
BACKGROUND Comprehensive information regarding causes of late post-operative death following pediatric
congenital cardiac surgery is lacking.
OBJECTIVES The study sought to analyze late causes of death after congenital cardiac surgery by era and defect severity.
METHODS We obtained data from a nationwide pediatric cardiac surgery database and Finnish population registry
regarding patients who underwent cardiac surgery at <15 years of age at 1 of 5 universities or 1 district hospital in Finland
from 1953 to 2009. Noncyanotic and cyanotic defects were classiﬁed as simple and severe, respectively. Causes of death
were determined using International Classiﬁcation of Diseases diagnostic codes. Deaths among the study population were
compared to a matched control population.
RESULTS Overall, 10,964 patients underwent 14,079 operations, with 98% follow-up. Early mortality (<30 days) was
5.6% (n ¼ 613). Late mortality was 10.4% (n ¼ 1,129). Congenital heart defect (CHD)–related death rates correlated with
defect severity. Heart failure was the most common mode of CHD-related death, but decreased after surgeries performed
between 1990 and 2009. Sudden death after surgery for atrial septal defect, ventricular septal defect, tetralogy of
Fallot, and transposition of the great arteries decreased to zero following operations from 1990 to 2009. Deaths from
neoplasms, respiratory, neurological, and infectious disease were signiﬁcantly more common among study patients than
controls. Pneumonia caused the majority of non–CHD-related deaths among the study population.
CONCLUSIONS CHD-related deaths have decreased markedly but remain a challenge after surgery for severe cardiac
defects. Premature deaths are generally more common among patients than the control population, warranting longterm follow-up after congenital cardiac surgery. (J Am Coll Cardiol 2016;68:487–98) © 2016 by the American College of
Cardiology Foundation.

T

he ﬁrst pediatric cardiac surgery in Finland

results (1). This was particularly true among patients

was performed in 1953. Since then, >13,000

with severe cardiac defects such as tetralogy of Fallot

patients have undergone >16,000 operations

(TOF), transposition of the great arteries (TGA), hypo-

in Finland. Data on all operations and patients are

plastic left heart syndrome (HLHS), and univentricu-

stored in a nation-wide pediatric cardiac surgical

lar heart (UVH) (1).

database. We previously found that the life expec-

Patients with congenital cardiac defects often

tancy of patients after congenital cardiac surgery

require extensive long-term follow-up, and informa-

remained lower than the general population, despite

tion about the causes of death among these patients

signiﬁcant improvements in both early and late

may improve their clinical management during
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ABBREVIATIONS

follow-up. However, a limited number of

from analyses regarding causes of death and inci-

AND ACRONYMS

studies exist on this subject. In this study, we

dence of death. For patients that emigrated, we

investigated the nationwide causes of patient

marked the day of emigration as the last day of

deaths up to 60 years after their ﬁrst cardiac

follow-up in survival analyses. Unclear causes of

ASD = atrial septal defect
ASO = arterial switch operation

operation, and compared them to deaths in

death were conﬁrmed by autopsy. We obtained

the general population to identify areas that

diagnosis codes for all deceased patients from Sta-

CI = conﬁdence interval

require special attention during the long

tistics Finland. Causes of death were categorized into

COA = coarctation of the aorta

term.

CHD-related and non–CHD-related deaths. CHD-

CHD = congenital heart defect

HLHS = hypoplastic left heart

related deaths were classiﬁed as diseases within the

SEE PAGE 499

syndrome

Q20 to Q28 range from the International Classiﬁca-

METHODS

tion of Diseases-10th Revision diagnosis system (and

RR = rate ratio

The Finnish Ministry of Social Affairs and

numbers 745 to 747 for older cases).

HR = hazard ratio
PDA = patent ductus arteriosus

International Classiﬁcation of Diseases-9th Revision

TGA = transposition of the

Health granted permission for this study, and

We further categorized all CHD-related deaths into

great arteries

the ethical committee approved the research

heart failures, sudden deaths, post-reoperative early

TOF = tetralogy of Fallot

protocol.

deaths (<30 days), and cardiovascular deaths ac-

UVH = univentricular heart

PATIENTS

COLLECTION. We

cording to a previous classiﬁcation system (2). Sud-

VSD = ventricular septal defect

used the custom-built ProCardio version 8

den deaths included all unwitnessed deaths that

database, the Research Registry of Pediatric Cardiac

occurred during sleep and cardiovascular-related

AND

DATA

Surgery (Melba Group, Helsinki, Finland) running on

deaths occurring within 1 h of onset (or the signiﬁ-

Filemaker Pro version 8.5 (Filemaker Inc., Santa

cant worsening) of symptoms. Post-reoperative early

Clara, California), to obtain patient and operational

death spanned all early operative deaths (within 30

data. The database contains the records for all pe-

days) after the patients’ subsequent reinterventions.

diatric patients undergoing surgery for congenital

We classiﬁed the remaining causes of death not

heart defects (CHDs) at 5 university hospitals (Hel-

covered by other classes as cardiovascular.

sinki, Kuopio, Oulu, Tampere, and Turku) and 1

We compared survival and the incidence of

in

different CHD-related deaths by decade of operation

Finland. The Finnish Population Registry provided

to assess advances in late surgical outcome. Due to

the status and date of death for all patients.

the small number of patients undergoing surgery for

district

hospital

(Aurora

Hospital,

Helsinki)

We included all pediatric cardiac operations performed between 1953 and 2009 in Finland on children

HLHS before the 1990s, we excluded such cases from
the comparison of time periods.

who were under 15 years of age at the time of their

Statistics Finland supplied us with 4 age-, sex-,

ﬁrst operation. Follow-up began after the ﬁrst cardiac

time of birth–, and hospital district–matched control

surgery of the patient, and ended at death, emigra-

subjects from the general population for each study

tion, or on December 31, 2012. The only procedures

patient. We then compared the modes of non-CHD-

excluded were patent ductus arteriosus (PDA) clo-

related deaths of study patients to those among the

sures in children <1 month of age, and pacemaker

general population, presenting results as rate ratios

implantations in patients for whom this was the only

(RRs).

procedure.

STATISTICS. We

analyzed

mortality

by

Poisson

Each patient was assigned 1 primary diagnosis from

regression models utilizing a Lexis-type data struc-

a severity-based hierarchical list of cardiac defects:

ture with 3 time scales, vis-à-vis age, calendar year,

PDA, atrial septal defect (ASD), coarctation of the

and time since surgery (3). We report RRs on the basis

aorta (COA), ventricular septal defect (VSD), TOF,

of the Poisson regression with 95% conﬁdence in-

TGA, HLHS, and UVH. All remaining cardiac defects

tervals (CIs). In the estimation of hazard rate curves,

were collectively referred to as miscellaneous. For

we used splines to produce smoothed curves with a

patients with several cardiac defects, we chose the

95% conﬁdence envelope. Standard deviations are

hierarchically more severe condition. For the sake of

reported with mean values. Survival data is presented

comparison, we dichotomized defect severity into

in the form of Kaplan-Meier plots, and 2-tailed p

simple (PDA, ASD, COA, and VSD) and severe (TOF,

values obtained with the log-rank test; p values <0.05

TGA, HLHS, and UVH) defects according to the lack or

were considered signiﬁcant. All data analyses were

presence of cyanosis, respectively.

carried out using the R program (R Development Core

MORTALITY AND CAUSES OF DEATH. We excluded

Team, Vienna, Austria, 2011) and IBM SPSS Statistics

all early deaths (within 30 days post-operatively)

version 23.0 (SPSS, Inc., Chicago, Illinois).
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RESULTS

of whom died early and 53 (15%) late after their ﬁrst
surgery. Of all mentally disabled patients, 131 (26%)

PATIENTS. A total of 10,964 patients underwent

died late and 7 (1%) died early after their ﬁrst

14,079 operations between 1953 and 2009. Follow-up

operation.

ended prematurely for 177 patients (1.6%) who

CAUSES OF CHD-RELATED DEATHS. Collectively,

emigrated, and we excluded 95 patients (0.9%) from

721 patients (6.6%) died due to CHD-related causes.

the study due to incomplete follow-up data, resulting

The cause of CHD-related death was identiﬁed for all

in a total follow-up coverage of 97.5% (n ¼ 10,692).

but 7 patients. The majority of deaths among patients

Male patients dominated the study population across

with PDA, ASD, and COA were unrelated to their

all groups, except PDA and ASD (Table 1).

cardiac defect, whereas patients with TOF, TGA, UVH,

MORTALITY. Early mortality (<30 days) occurred in

and HLHS died more often as a result of CHD-related

5.6% (n ¼ 613) of the study population, and was

issues (Figure 1A).
The 40-year freedom from fatal heart failure was

greatest among patients with severe cardiac defects

98% after surgery for simple defects and 89% after

including TOF, TGA, HLHS, and UVH (Table 2).
Late mortality reached 10.4% (n ¼ 1,129) among the

surgery for severe defects (severe vs. simple HR: 1.6;

entire study population (Table 2). Of the late deceased

95% CI: 1.5 to 1.7; p < 0.0001), with an increase in 20-

patients, 58% were male and 42% were female. The

year survival from 92% (95% CI: 90% to 94%) to 96%

majority of deaths among early survivors with severe

(95% CI: 95% to 97%) for severe defects operated on

cardiac defects occurred within 10 years of their

from 1953 to 1989 and 1990 to 2009, respectively.

operation, whereas those with simple defects died

Heart failure was the leading cause of CHD-related

more than 20 years after their operation. Late survival

death among the majority of defect groups, occur-

of 30-day-survivors at 40 years after the operation

ring at a mean of 14  16 years of age (Table 3,

was 87% (95% CI: 86% to 89%) and 65% (95% CI: 61%

Figure 1B). We found a bimodal distribution for the

to 69%) for patients with simple and severe cardiac

hazard for fatal heart failure among all defect groups

defects, respectively (severe vs. simple hazard ratio

undergoing surgery between 1953 and 1989, with

[HR]: 3.7; 95% CI: 3.3 to 4.2; p < 0.0001 for log rank)

higher rates for severe cardiac defects (Tables 3 and 4,

(Central Illustration). Late survival of 30-day-survi-

Figure 2). For patients with VSD and TGA undergoing

vors at 15 years after the operation was 92% (95% CI:

operations between 1990 and 2009, however, the

91% to 93%) for those operated on from 1953 to 1989

incidence and hazard for fatal heart failure dimin-

and 94% (95% CI: 93% to 95%) for those operated

ished signiﬁcantly, particularly late after surgery

on from 1990 to 2009 (1953 to 1989 vs. 1990 to 2009

(Table 3, Figure 2). Fifty-two patients (17% of all fatal

HR: 1.3; 95% CI: 1.1 to 1.5; p ¼ 0.001 for log rank)

heart failures) that died due to heart failure were

(Central Illustration).

diagnosed with pulmonary hypertension and died

Overall, 504 patients (5%) were mentally disabled.
Out of these patients 342 had Down syndrome, 6 (2%)

on average 8 years (range of age at death: 0.1 to 48.7
years) after their ﬁrst operation.

T A B L E 1 Study Population Characteristics (Including Emigrated Patients)

Mean Operative Age (yrs)
Defect

Patients

Male

Female

Operations

1953 to 1989

1990 to 2009

Operations/Patient

Mean Follow-Up (yrs)

PDA

2,280

641 (28)

1,639 (72)

2,436

5.7  4.0

2.2  2.6

1.1

34  14

ASD

1,437

551 (38)

886 (62)

1,483

8.1  3.5

4.5  2.9

1.0

25  12

COA

1,463

960 (66)

503 (34)

1,790

5.3  4.4

1.6  3.4

1.2

25  14

VSD

1,690

857 (51)

833 (49)

1,906

4.2  4.4

1.9  2.9

1.1

20  12

TOF

760

461 (61)

299 (39)

1,139

4.9  4.0

0.9  1.5

1.5

22  14

TGA

589

393 (67)

196 (33)

920

1.1  2.0

36  182*

1.6

16  12

HLHS

153

88 (58)

65 (42)

358

49  48*

7  6*

2.3

55

UVH

320

179 (56)

141 (44)

800

1.6  3.0

5.0  1.4†

2.5

12  11

Misc
Total

2,177

1,132 (52)

1,045 (48)

3,143

4.5  4.7

3.4  4.4

1.4

17  14

10,869

5,262 (48)

5,607 (52)

13,975

5.2  4.4

2.1  3.2

1.3

23  15

Values are n, n (%), or mean  SD. *In years. †In days (mean) and years (SD).
ASD ¼ atrial septal defect; COA ¼ coarctation of the aorta; HLHS ¼ hypoplastic left heart syndrome; Misc ¼ miscellaneous; PDA ¼ patent ductus arteriosus; TGA ¼
transposition of the great arteries; TOF ¼ tetralogy of Fallot; UVH ¼ univentricular heart; VSD ¼ ventricular septal defect.

489

490

Raissadati et al.

JACC VOL. 68, NO. 5, 2016
AUGUST 2, 2016:487–98

Causes of Late Death After Pediatric Cardiac Surgery

undergoing surgery for VSD and TOF between 1990

T A B L E 2 Mortality (Including Emigrated Patients)

Defect Patients

PDA

2,280

Early
Deaths

Late
Deaths

Incidence of Late
Death/1,000 PY

20 (0.9)

163 (7.1)

2.1 (1.8–2.4)  0.2

and 2009 (Table 3). Twenty-four (86%) of 28 postEarly Survivors

reoperative early deaths among patients with VSD

Mean Time to Mean Age at
Death (yrs)
Death (yrs)

occurred after secondary VSD closure, with the most

26  16

32  18

common prior procedure being pulmonary-artery
banding and COA repair. Of the 23 post-reoperative

ASD

1,437

7 (0.5)

44 (3.1)

1.2 (0.9–1.6)  0.2

23  15

33  16

COA

1,463

43 (2.9)

125 (8.5)

3.4 (2.8–4.0)  0.3

22  16

27  19

VSD

1,690

76 (4.5)

148 (8.8)

4.5 (3.8–5.3)  0.4

11  12

14  15

among patients with primary palliation. Thirteen of

TOF

760

44 (5.8)

126 (16.6)

7.5 (6.3–9.0)  0.7

20  15

26  18

these deaths occurred after the subsequent TOF

TGA

589

68 (11.5)

103 (17.5)

11.0 (9.0–13.3)  1.1

9  10

10  11

repair surgery. Nine (30%) of 30 post-reoperative

HLHS

153

53 (34.0)

19 (13.1)

26.0 (15.9–40.1)  5.8

0.7  1.0

0.8  1.0

early deaths among UVH patients occurred after

UVH

320

52 (16.3)

89

9  10

Misc

2,177

250 (11.5)

292 (13.4)

7.8 (7.0–8.8)  0.5

9  12

12  14

Total

10,869

613 (5.6)

1,129 (10.4)

4.5

15  15

19  18

109 (34.1) 29.4 (24.2–35.5)  2.8

early deaths among TOF patients, 20 (87%) occurred

Fontan surgery.
The incidence of cardiovascular death was greatest
among patients with HLHS and UVH, and lowest
among patients with PDA and ASD (Table 3, Figure 1B).

Values are n, n (%), Poisson regression incidence (95% conﬁdence interval)  SE, or mean  SD.
PY ¼ person-years; other abbreviations as in Table 1.

Patients were on average 13  16 years of age at the
time of cardiovascular death (Figure 1B). The incidence of cardiovascular death decreased signiﬁcantly

The 40-year freedom from sudden death was 99%

only among VSD patients that underwent surgery

(95% CI: 98.5% to 99.5%) after surgery for simple

between 1990 and 2009 compared to those undergo-

defects and 91% (95% CI: 90% to 92%) after surgery

ing surgeries between 1953 and 1989 (Table 3). The

for severe defects (severe vs. simple HR: 9.9; 95% CI:

hazard of cardiovascular deaths revealed a bimodal

6.7 to 14.6; p < 0.0001). The incidence and hazard for

distribution among the majority of defect groups

sudden death decreased to zero among patients with

(Figure 2). The most common cardiovascular cause of

ASD, VSD, TOF, and TGA that underwent surgery

death was cerebral infarction (18 deaths, 20% among

between 1990 and 2009 (Table 3, Figure 2). Five pa-

cardiovascular deaths) (Table 4), with myocardial

tients with UVH who died suddenly had tricuspid

infarction ranking second (10 deaths, 11%) (Table 4),

atresia, 4 presented with double-inlet left ventricle,

with a higher incidence among patients with severe

and 3 presented with isomerism. The most common

cardiac defects. Nine patients that died due to car-

known reason for sudden death among patients un-

diovascular reasons suffered from pulmonary hyper-

dergoing operations for COA was aortic rupture/

tension, 5 of which died due to cerebral infarction.

dissection, with 6 patients (32% of all sudden deaths
among patients with COA) undergoing operations

CAUSES OF NON–CHD-RELATED DEATHS. In total,

between 1953 and 1989. Two of these patients expe-

408 patients (4%) died due to non–CHD-related cau-

rienced aortic rupture/dissection within 6 months

ses. The most common mode of known non–CHD-

after their ﬁrst operation. The remainder died an

related death was respiratory disease (n ¼ 56) (Online

average of 25 years after their ﬁrst surgery, with the

Table 1), speciﬁcally pneumonia (n ¼ 41). More than

latest death occurring in 2007. In addition, 6 patients

one-half of all deaths due to pneumonia occurred

(32%) with COA (all but 1 operated on between 1953

among patients with a mental disability (n ¼ 23; 56% of

and 1989) died suddenly. These patients presented

all pneumonia deaths). The rate of respiratory disease

with aortic valve stenosis at the post-mortem exam-

among the study population was signiﬁcantly higher

ination and died due to unknown/arrhythmia-based

than that among the general population (RR: 11.00;

causes. Seven of the 13 patients (53%) in the VSD

95% CI: 6.7 to 17.0; p < 0.0001) (Figure 3A). This held

group that died suddenly suffered from pulmonary

true when comparing late (1953 to 1989) and early

hypertension. The most common causes of sudden

(1990 to 2009) time periods to the general population

death were arrhythmia and myocardial infarction,

(RR: 6.10; 95% CI: 3.6 to 10.4; RR: 120.00; 95% CI: 16.4

however the majority of deaths remaining unex-

to 888.6; p < 0.0001 for both, respectively) (Figure 3B).

plained (Table 4). The mean and median age at sud-

Patients died signiﬁcantly more often due to

den death were 21 and 19.6 years of age (range 0.1 to

neurological and infectious diseases than the general

58.5 years of age), respectively.

population (neurological disease RR: 3.72; 95% CI: 2.6

Early deaths after reoperation were more common

to 5.4; infectious disease RR: 6.47; 95% CI: 2.6 to 16.1;

among patients with severe defects (Tables 3 and 4,

p < 0.0001 for both) (Figure 3A). However, for infec-

Figure 1B). The incidence of post-reoperative early

tious diseases, the statistical signiﬁcance diminished

deaths

when

decreased

signiﬁcantly

among

patients

comparing

early

and

late

time

periods
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C ENTR AL I LL U STRA T I O N Causes of Late Death After Pediatric Cardiac Surgery: Long-Term Survival

Raissadati, A. et al. J Am Coll Cardiol. 2016;68(5):487–98.

(A) Long-term Kaplan-Meier-depicted survival of patients operated on from 1953 to 2009 according to disease severity, excluding early mortality but
including emigrated patients. (B) Long-term Kaplan-Meier–depicted survival of patients according to disease severity and decade of operation, excluding
early mortality but including emigrated patients. All p values have been obtained by the log-rank test, and represent tests of signiﬁcance between the
simple and severe cardiac defect groups in A and between era of operation for each severity group in B.
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F I G U R E 1 Proportion of CHD- and Non-CHD-Related Deaths and CHD-Related Causes of Death by Defect

A

CHD-related

Non-CHD-related

PDA

n
2,186

29 ±18

34

33 ±18

129

ASD

1,406

30 ±16

13

34 ±16

31

COA

1,396

24 ±20

62

30 ±19

63

VSD

1,599

11 ±14

91

18 ±14

57

TOF

708

24 ±17

90

30 ±19

36

TGA

518

10 ±11

93

HLHS

101

0.8 ±1

18

UVH

265

9 ±10

100

Misc.

1,901

11 ±13

220

13 ±14

72

All 10,080 14 ±16

721

27 ±19

408

0

10

16 ±12 10
0.2 1
13 ±14 9

20

30

40

50

60

70

80

90

100

%

B
PDA

Cardiovascular
n
5
2,186 26 ±19

ASD

1,406 23 ±24

COA
VSD

Sudden death

Post-reoperative early death

32 ±18

22

26 ±19

4

40 ±12

1,396 34 ±15 6

24 ±20

24

29 ±18

1,599 10 ±13 8

11 ±14

40

24 ±11 13

28 ±20

28

30 ±11

11 ±13

37

13 ±9

1 ±1

7

8 ±9

39

25

10 ±13

114

88

14 ±16

TOF

708

24 ±19

TGA

518

7 ±9

HLHS

101

1 ±1.3

UVH

265

10 ±11

Misc.

Heart failure

1,901 7 ±10

All 10,080 13 ±15
0

2

14
11
4
13

10

20

30

20 ±18 3 16 ±6 3 1
5 22 ±8

11 ±12

60

2 ±2

28 2

13 ±13

23

5 ±7

23

4 1 ±1

3

9 ±8

30 1

17

40 9 ±13

18 ±14

50

9 2

22

21 ±15

150

70

2

21 6 ±9

25

0.3 ±0.1

315

40

Unknown

40 1

7 ±10

80

161

90

7

100

%

Proportion of (A) congenital heart defect (CHD)–related and non–CHD-related death and (B) CHD-related modes of death by defect. Numbers
in the bars represent mean age at death ( SD) and absolute number of cases in each corresponding category of death. n ¼ number of patients
in each defect group, excluding early mortality (<30 days) and emigrated patients. ASD ¼ atrial septal defect; COA ¼ coarctation of the aorta;
HLHS ¼ hypoplastic left heart syndrome; Misc ¼ Miscellaneous; PDA ¼ patent ductus arteriosus; TGA ¼ transposition of the great arteries;
TOF ¼ tetralogy of Fallot; UVH ¼ univentricular heart; VSD ¼ ventricular septal defect.

respectively to the general population matched for

Deaths due to accidents occurred slightly but

time (Figure 3B). Cerebral hemorrhage (n ¼ 14) and

signiﬁcantly more often among the study population

epilepsy (n ¼ 8) represented the 2 most common

than the general population, causing death among

modes of neurological death (Online Table 1). Also,

patients at an average age of 29 years of age (RR: 1.60;

deaths due to neoplasm were more common among

95% CI: 1.2 to 2.2; p ¼ 0.002) (Figure 3A). This was

study patients compared to the general population,

especially true among female patients operated on

particularly among female patients operated on be-

from 1953 to 1989 (RR: 2.60; 95% CI: 1.3 to 5.2;

tween 1990 and 2009 (RR: 5.90; 95% CI: 1.3 to 26.6;

p ¼ 0.005) (Online Figure 1). Moreover, alcohol-

p ¼ 0.019) (Online Figure 1).

related deaths were more common among the
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T A B L E 3 Incidence of CHD-Related Deaths by Time Period of Operation

Cardiovascular Death
Incidence/1,000 PY
Defect

Heart Failure Death
Incidence/1,000 PY

Sudden Death
Incidence/1,000 PY

Post-Reoperative Early Death
Incidence/1,000 PY

1953 to 1989

1990 to 2009

1953 to 1989

1990 to 2009

1953 to 1989

1990 to 2009

1953 to 1989

1990 to 2009

PDA

0.07

0

0.31

0

0.03

0.13

0.04

0

ASD

0.08

0

0.15

0

0.23

0

0.04

0

COA

0.20

0

0.67

0.58

0.67

0.14

0.20

0.29

VSD

0.33

0.08*

1.42

0.84*

0.61

0†

1.13

0.34‡

TOF

0.85

0.78

1.94

0.78

1.94

0

1.55

0.78*

TGA

1.28

0.95

4.81

2.21†

3.53

0‡

2.41

2.52

UVH

3.50

3.47

11.51

9.26

4.50

4.63

9.01

6.95

Misc

0.62

0.83

3.10

2.95†

1.24

0.68

1.16

0.91*

*p < 0.05. †p < 0.01. ‡p < 0.0001.
CHD ¼ congenital heart defect; other abbreviations as in Tables 1 and 2.

patient population, especially among male patients

visiting cardiologist from 1 of the university hospitals.

operated on from 1953 to 1989 (RR: 1.80; 95% CI: 1.1 to

All invasive diagnostic procedures were centralized

2.7; p ¼ 0.012) (Figure 3A, Online Figure 1). In addi-

to Helsinki, along with the follow-up of the majority

tion, the suicide rate was similar between the study

of patients with UVH or TGA. This centralization of

population and the general population (Figures 3A

treatment has undoubtedly positively inﬂuenced

and 3B), with 37 suicides among those operated on

both early and late results.

from 1953 to 1989 (Online Table 1).

DISCUSSION
In this study, we adopted a population-based approach
and investigated the causes of death among patients
with common congenital cardiac defects. The unique
comprehensive Finnish national registry enabled this
type of population-based study with an extensive

As expected, patients with severe cardiac defects
were on average younger at the time of death
compared to those with simple defects. Compared to
the often single-staged correction of simple defects,
surgically staged palliation or correction of severe
cardiac defects places greater strain on the heart, and
predisposes patients to operative death after subsequent reinterventions or early cardiovascular deaths.

long-term follow-up. Furthermore, we compared re-

CHD-RELATED DEATHS. Nearly one-ﬁfth of patients

sults from 2 different time periods to analyze changes

who died due to heart failure suffered from pulmo-

in patterns for both CHD-related and non–CHD-related

nary hypertension. The link between persistent post-

deaths among patients, and used a statistical model

operative pulmonary hypertension and mortality has

that allowed us to examine the simultaneous effect of

previously been described (5,6). However, the inci-

age, cohort, and period of operation on long-term

dence of fatal heart failure decreased among all pa-

mortality (3). This type of approach of examining

tients undergoing surgery between 1990 and 2009.

multiple time scales simultaneously—with similar re-

This ﬁnding was most notable among patients oper-

sults—has previously been described, albeit using a

ated on for TGA, owing mostly to the shift from the

different statistical method (4).

Mustard and Senning procedures to the arterial switch

MORTALITY AND FOLLOW-UP. Both early and late

operation (ASO) to correct TGA in the 1990s (7,8).

results have improved signiﬁcantly during recent

Heart failure also markedly decreased among patients

decades. This is to a great degree attributed to ad-

receiving surgery for VSD. In fact, VSD patients

vances in perioperative treatment and surgical tech-

emerged as the only group of patients witnessing a

niques. Moreover, earlier treatment of patients has

signiﬁcant reduction in all CHD-related deaths during

generally resulted in improved results during recent

the later time period. Earlier intervention has led to a

decades.

decline in the incidence of pulmonary hypertension

In Finland, all surgical procedures were centralized
at Helsinki University Central Hospital from the

among these patients, whereby the occurrence of late
heart failure has diminished.

mid-1990s. Patient follow-up until 18 years of age was

Patients in all defect groups who underwent sur-

organized either at 1 of the 5 university hospitals

gery from 1953 to 1989 experienced a bimodal hazard

across Finland or at a central hospital equipped with a

for fatal heart failure after their ﬁrst operation. The
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T A B L E 4 Causes of CHD-Related Deaths by Defect Severity and Decade of Operation

1953 to 1989

Cardiovascular

Simple
(n ¼ 4,075)

Severe
(n ¼ 766)

20

26

1990 to 2009

Misc
(n ¼ 835)

14

All
(n ¼ 5,676)

60

Simple
(n ¼ 2,512)

1

Cerebral hemorrhage

1953 to 2009

Severe
(n ¼ 826)

Misc
(n ¼ 1,066)

All
(n ¼ 4,404)

All
(n ¼ 10,080)

16

11

28

88

1

1

1

Pericarditis

1

Myocarditis

1

Valve prosthesis complication

1

1

1

1
2

1

1

2

3

1

4

Heart failure

2

Aortic rupture/dissection

2
4

Thrombosis

1
2

Brain abscess

2

3

Endocarditis

3

1

Pulmonary embolism

1

5

3

Other cardiovascular

3

5

5
5

5

1

1

2

3

6

6

3

1

4

6
10

6

3

2

7

1

1

2

6
6

1
2

3

5

Infection
Arrhythmia (nonsudden)

1

5
5
1

2
4

Shunt occlusion
Hemorrhage

2

7

Myocardial infarction

2

2

4

4

2

6

Cerebral infarction

2

9

2

13

4

1

5

18

40

56

31

127

12

9

23

150

Sudden death

2

Heart failure

1

1

1

Endocarditis

1

1

1

Cerebral infarction

1

1

1

1

1

Cerebral hemorrhage

1

Myocarditis
Hemorrhage

1

Pulmonary embolism

2

Shunt occlusion

1

1

1

1

2

2

1
1

Aortic rupture/dissection

6

1

Myocardial infarction

1

5

Arrhythmia/unknown

3
1

2

3

9

3
2

2

4

6

1

10

7

7
1

29

43

27

99

2

9

7

18

117

Post-reoperative early death

36

53

28

117

6

26

12

44

161

Heart failure

76

80

75

231

14

31

39

84

315

1

5

1

1

149

540

24

86

Unknown

4

Grand total

176

215

71

2

7

181

721

Values are n.
Abbreviations as in Tables 1 and 3.

risk for fatal heart failure was collectively highest 40

Moreover, issues related to the maturation process

years after the surgery and lowest about 15 to 20 years

and hormonal changes occurring among patients may

post-operatively. This is largely due to the natural

inﬂuence their commitment to follow-up and treat-

progression of heart failure, as scar tissue, small re-

ment during adolescence.

sidual defects, or even a slightly high pulmonary

One important observation focuses on the marked

pressure strain the surgical heart faster than a normal

decrease in the number of sudden deaths during the

healthy heart. Furthermore, age-related increases in

later time period, as we found no deaths among the

the incidence of hypertension and arteriosclerosis

patients with ASD, VSD, TOF, and TGA undergoing

contribute to an increased mortality among older

surgery between 1990 and 2009. The incidence of

patients. Interestingly, the point of lowest hazard

sinus node dysfunction and sudden death is well

coincides approximately with the shift from being a

documented among patients with UVH, including late

pediatric to adult patient, after which the hazard for

after surgery (9,10). Accordingly, in our material, the

death begins to increase again. This raises the ques-

HR for sudden death among patients undergoing

tion of whether the shift to adult healthcare possibly

surgery for UVH exhibited an increasing trend among

affects the quality and frequency of follow-up.

patients receiving surgery between 1990 and 2009. In
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F I G U R E 2 Hazard Rate for Different Modes of CHD-Related Deaths by Defect

1953 - 1389
10.00

Cardiovascular
Heart Failure
Sudden Death

1990 - 2010

ASD

n = 759

n = 647

1.00
0.10

HR
95% CI

0.01

0

10

30

50

0

5

10

15

20

10

15

20

10

15

20

10

15

20

5

10

15

20

5

10

15

20

COA
10.00

n = 866

n = 530

1.00
0.10
0.01

0

10.00

10

30

50

0
VSD

n = 717

5

n = 882

1.00
0.10

Hazard (1/1000)

0.01

0

10

30

50

5

0

TOF
10.00

n = 407

n = 301

1.00
0.10
0.01
0

20

40

60

5

0

TGA
n = 257

10.00

n = 261

1.00
0.10
0.01

0

10

20

30

40

0
UVH

10.00
1.00
0.10

n = 100

n = 165

0.01

0

10

20

30

40

0

Time Since Operation (Years)

We compared patients undergoing surgery during 1953 to 1989 and 1990 to 2009, the early and late time periods, to determine the change in
the hazard rate for death. n ¼ number of patients in each defect group and era of operation, excluding early mortality (<30 days) and
emigrated patients. CHD ¼ congenital heart defect; CI ¼ conﬁdence interval; HR ¼ hazard ratio.
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F I G U R E 3 RR for Different Causes of Non–CHD-Related Deaths

Operated 1953-2009 95% CI
Operated 1953-1989 95% CI
Operated 1990-2009 95% CI

A

B
RR
Infectious diseases

RR
RR
p-value
p-value
1953-1989 1990-2009 1953-1989 1990-2009

p-value

0.098

0.071

Endocrine, nutritional, and
Metabolic diseases

1.40

0.325

1.30

2.20

0.472

0.353

Diseases of the Nervous System

3.72

<0.0001

3.65

7.50

<0.0001

0.006

Diseases of the Circulatory System

1.20

0.492

1.10

4.30e10

0.809

1.000

Diseases of the Respiratory System

11.00 <0.0001

6.10

120.00

<0.0001

<0.0001

Congenital malformations and
Chromosomal abnormalities

9.40 <0.0001

8.20

13.00

<0.0001

<0.0001

Accidents

1.60

0.002

1.59

1.70

0.005

0.145

Suicides

1.09

0.622

1.21

7.1e-11

0.290

1.0

Alcohol-related diseases

1.60

0.015

1.55

9.2e-10

0.009

1.0

0
0.
5

RR

25
.
50 0
.0

1.000

2.80

2.
0
5.
0

0.018

1.31

25
.
50 0
.0

1.10e11

0.049

0

3.60

1.36

2.
0
5.
0

6.47 <0.0001

Neoplasms

0.
5
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RR

Rate ratio (RR) (A) for all patients and (B) by decade. We compared the rate of death for each patient to 4 age-, sex-, and time-matched control subjects
from the general population from the corresponding operative time period. CHD ¼ congenital heart defect; CI ¼ conﬁdence interval.

contrast, the incidence of sudden death among sur-

majority of post-reoperative early deaths occurred

gical patients for TGA decreased to zero between 1990

among TOF patients that underwent a primary

and 2009, attributed mainly to the increasing

palliative approach for their defect. From the year

employment of the atrium-sparing ASO technique

2000 forward, a greater number of patients with VSD

(8,11–13). Aortic stenosis represents a common co-

underwent primary VSD closure, whereas during

morbidity among patients with COA, especially

previous decades it was common for patients to

among patients with a bicuspid aortic valve (14,15).

undergo pulmonary banding or aortic arch recon-

We found a similar trend in our study, with one-third

struction prior to their VSD correction. This, along

of patients that underwent surgery for COA experi-

with the aforementioned advances in perioperative

encing aortic stenosis at the time of sudden death.

treatments and younger age at operation, has most

Recurrent post-operative hypertension commonly

likely decreased the number of post-reoperative

occurs among patients undergoing surgery for COA,

early deaths among VSD patients between 1990

which stands as a major risk factor for aortic rupture/

and 2009.

dissection, the most common reason for sudden
death among such patients in our study (14,15).
The decrease in the incidence of post-reoperative

Cerebral infarction stood as the major cause of
cardiovascular

death,

which

occurred

most

commonly during the ﬁrst year post-operatively

early deaths among patients with TOF operated on

either after the ﬁrst or subsequent operations (9 of

from 1990 to 2009 may be explained by the shift

16; 56%), and most commonly affected patients with

from staged palliative surgery to primarily 1-time

TOF (6 of 18; 33%) and UVH (4 of 18; 22%). Myocardial

operations

Eighty-one

infarctions were not speciﬁc to any defect group.

percent of all TOF surgeries were primary repair

Patients undergoing an ASO for TGA previously

during

recent

decades.

during the 2000s, compared to only 14% during the

exhibited a higher risk of coronary artery–related

1960s. This was supported by the ﬁnding that the

complications (16–18). This, however, was not the
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case in our study, because only 2 patients undergoing

patients. However, the incidence of alcohol-related

surgery for TGA after ASO died due to myocardial

diseases and suicides was less common among the

infarction. Coronary artery–related complications,

study population than the control population for

however, may occur during the immediate post-

those operated on from 1990 to 2009.

operative period after ASO (17,19–21). In our study,

STUDY LIMITATIONS. Although we have previously

13 of 29 deaths that occurred within 30 days after the

employed the current hierarchy-based assignment of

ASO procedure occurred due to coronary artery–

diagnoses, it has certain limitations (1). The most

related complications.

prominent of these is that some lower ranked

NON–CHD-RELATED DEATHS. Respiratory disease—

in particular, pneumonia—emerged as the most common form of non–CHD-related death among the study
population, especially among patients with genetic
disorders. Moreover, most cases listed as deaths due
to anomalies represented complications associated
with pneumonia. Respiratory death remained significantly more common among patients treated surgically between 1990 and 2009 compared to the general
population. This may be partially explained by the
marked decrease in the incidence of death due to
pneumonia among the general population in recent
decades.
The rate of death due to neoplasms was greater
among the study population than the general population. This has been described previously, and has
been mainly attributed to genetic factors—particularly
Down syndrome—and to possible catheter- and
imaging-related radiation (22–25). The role of radiation as an etiologic factor for neoplasms in this
study may be supported by the high incidence of

defects may go unnoticed in the presence of 1 or
multiple higher ranked defects, despite a potentially
important effect on the outcome. Prime examples of
this are the presence of COA and PDA among patients with VSD, and aortic stenosis among patients
with COA. Similarly, the dichotomization of defects
into simple and severe forms may oversimplify results. Also, we decided to categorize TOF as a severe
defect due to the cyanotic nature of the disease,
which may skew the results towards an overoptimistic outcome. Moreover, the low number of
terminal events among the patient population and
accompanying wide conﬁdence intervals hamper the
accuracy and interpretation of the ﬁtted hazard
curves in Figure 2, particularly among patients
operated on from 1990 to 2009. However, the rationale for implementing the current time model was to
offer the practicing clinician an idea on possible
terminal events among adults with CHDs operated
on decades ago.

CONCLUSIONS

radiation-prone tissue neoplasms, such as cancer of
hematolymphoid tissue, intrathoracic organs, and

The number of late CHD-related deaths decreased

breast tissue.

among patients undergoing surgery for congenital

The rate of death due to neurological diseases was

cardiac defects. The risk of late sudden death among

higher among the study population than the general

surgical patients during the later study time period

population, consisting mostly of cerebral hemor-

decreased to zero among patients with ASD, VSD,

rhage. These events occurred on average 30 years

TOF, and TGA, but remained an ongoing challenge

post-operatively,

with

among patients undergoing surgery for UVH. Late

simple defects. Four of these patients (29%) had

heart failure also decreased substantially, presenting

conﬁrmed intracranial aneurysms from post-mortem

a minimal risk among patients with simple cardiac

examinations.

defects. Patients undergoing surgery for severe car-

mainly

among

patients

To our surprise, the rate of accidental deaths was

diac defects remain at risk for late heart failure,

higher among the study population than the general

warranting intensive follow-up decades after surgery.

population, speciﬁcally among female patients un-

Respiratory disease, particularly pneumonia, remains

dergoing surgery from 1953 to 1989. Alcohol abuse is

a signiﬁcant cause of non–CHD-related death among

a major public health issue in Finland, and was re-

patients, and should be identiﬁed and treated in a

ﬂected through the relatively high numbers of

timely manner.

alcohol cases involved in suicides and accidents, as
well as alcohol-related diseases. Chronic depression
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: Late

TRANSLATIONAL OUTLOOK: Additional studies are

mortality, particularly sudden death after surgery for

needed to identify prophylactic strategies that reduce

congenital heart disease, has diminished with advances in

late mortality in patients at greatest risk, such as those

surgical techniques and perioperative management, but

born with univentricular defects.

patients with severe defects remain at risk for many years
after surgery and require intensive long-term
surveillance.

REFERENCES
1. Raissadati A, Nieminen H, Jokinen E, Sairanen H.
Progress in late results among pediatric cardiac

10. Gatzoulis MA, Munk MD, Williams WG,
Webb GD. Deﬁnitive palliation with cavopulmo-

19. Oda S, Nakano T, Sugiura J, Fusazaki N,
Ishikawa S, Kado H. Twenty-eight years’ experi-

surgery patients: a population-based 6-decade
study with 98% follow-up. Circulation 2015;131:
347–53.

nary or aortopulmonary shunts for adults with
single ventricle physiology. Heart 2000;83:51–7.

ence of arterial switch operation for transposition
of the great arteries in a single institution. Eur J
Cardiothorac Surg 2012;42:674–9.

2. Oechslin EN, Harrison DA, Connelly MS,
Webb GD, Siu SC. Mode of death in adults with
congenital heart disease. Am J Cardiol 2000;86:
1111–6.
3. Plummer M, Carstensen B. Lexis: An R class for
epidemiological studies with long-term follow-up.
J Stat Software 2011;38:1–12.

11. Kirjavainen M, Happonen JM, Louhimo I. Late
results of Senning operation. J Thorac Cardiovasc
Surg 1999;117:488–95.
12. Gelatt M, Hamilton RM, McCrindle BW, et al.
Arrhythmia and mortality after the Mustard procedure: a 30-year single-center experience. J Am
Coll Cardiol 1997;29:194–201.

4. van der Bom T, Mulder BJM, Meijboom FJ, et al.

13. Rhodes LA, Wernovsky G, Keane JF, et al. Arrhythmias and intracardiac conduction after the

Contemporary survival of adults with congenital
heart disease. Heart 2015;101:1989–95.

arterial switch operation. J Thorac Cardiovasc Surg
1995;109:303–10.

5. Roos-Hesselink JW, Meijboom FJ, Spitaels SEC,
et al. Outcome of patients after surgical closure of
ventricular septal defect at young age: longitudinal follow-up of 22-34 years. Eur Heart J 2004;25:

14. Jenkins NP, Ward C. Coarctation of the aorta:
natural history and outcome after surgical treatment. QJM 1999;92:365–71.

1057–62.
6. Oliver JM, Gallego P, Gonzalez AE, SanchezRecalde A, Bret M, Aroca A. Pulmonary hypertension in young adults with repaired coarctation of
the aorta: an unrecognised factor associated with
premature mortality and heart failure. Int J Cardiol
2014;174:324–9.
7. Moons P, Gewillig M, Sluysmans T, et al. Long
term outcome up to 30 years after the Mustard or
Senning operation: a nationwide multicentre study
in Belgium. Heart 2004;90:307–13.
8. Losay J, Touchot A, Serraf A, et al. Late
outcome after arterial switch operation for trans-

15. Cohen M, Fuster V, Steele PM, Driscoll D,
McGoon DC. Coarctation of the aorta. Long-term
follow-up and prediction of outcome after surgical correction. Circulation 1989;80:840–5.
16. Bonnet D, Bonhoeffer P, Piéchaud JF, et al.
Long-term fate of the coronary arteries after the
arterial switch operation in newborns with transposition of the great arteries. Heart 1996;76:
274–9.
17. Bonhoeffer P, Bonnet D, Piéchaud JF, et al.
Coronary artery obstruction after the arterial
switch operation for transposition of the great
arteries in newborns. J Am Coll Cardiol 1997;29:
202–6.

position of the great arteries. Circulation 2001;
104:I121–6.

18. Ou P, Mousseaux E, Azarine A, et al. Detection
of coronary complications after the arterial switch
operation for transposition of the great arteries:

9. Cohen MI, Wernovsky G, Vetter VL, et al. Sinus
node function after a systematically staged Fontan
procedure. Circulation 1998;98:II352–8.

ﬁrst experience with multislice computed tomography in children. J Thorac Cardiovasc Surg 2006;
131:639–43.

20. Angeli E, Formigari R, Pace Napoleone C,
et al. Long-term coronary artery outcome after
arterial switch operation for transposition of the
great arteries. Eur J Cardiothorac Surg 2010;38:
714–20.
21. Legendre A, Losay J, Touchot-Koné A, et al.
Coronary events after arterial switch operation for
transposition of the great arteries. Circulation
2003;108:II186–90.
22. Olsen M, Garne E, Sværke C, et al. Cancer risk
among patients with congenital heart defects: a
nationwide follow-up study. Cardiol Young 2014;
24:40–6.
23. Hasle H, Clemmensen IH, Mikkelsen M. Risks
of leukaemia and solid tumours in individuals with
Down’s syndrome. Lancet 2000;355:165–9.
24. Andreassi MG. Radiation risk from pediatric
cardiac catheterization: friendly ﬁre on children
with congenital heart disease. Circulation 2009;
120:1847–9.
25. Hoffmann A, Engelfriet P, Mulder B. Radiation
exposure during follow-up of adults with
congenital heart disease. Int J Cardiol 2007;118:
151–3.

KEY WORDS cardiovascular death, cause of
death, congenital cardiac surgery, heart
failure, pediatric, sudden death

A PPE NDI X For a supplemental ﬁgure and
table, please see the online version of this
article.

