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Timing of Cardiac Surgical Interventions 
and Postoperative Mortality in Children With 
Severe Congenital Heart Defects Across 
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BACKGROUND: The purpose of this study was to evaluate the timing of the first cardiac surgery, the number of cardiac surger-
ies performed, and 30- day postoperative mortality rate for children with severe congenital heart defects (sCHDs) in their first 
5 years of life.

METHODS AND RESULTS: This was a population- based data linkage cohort study linking information from 9 European congenital 
anomaly registries to vital statistics and hospital databases. Data were extracted for 5693 children with sCHDs born from 1995 
to 2004. Subgroup analyses were performed for specific types of sCHD. Children with sCHDs underwent their first surgical 
intervention at a median age of 3.6 (95% CI, 2.6–4.5) weeks. The timing of the first surgery for most subtypes of sCHD was 
consistent across Europe. In the first 5 years of life, children with hypoplastic left heart underwent the most cardiac surgeries, 
with a median of 4.4 (95% CI, 3.1–5.6). The 30- day postoperative mortality rate in children aged <1 year ranged from 1.1% 
(95% CI, 0.5%–2.1%) for tetralogy of Fallot to 23% (95% CI, 12%–37%) for Ebstein anomaly. The 30- day postoperative mortal-
ity rate was highest for children undergoing surgery in the first month of life. Overall 5- year survival for sCHD was <90% for all 
sCHDs, except transposition of the great arteries, tetralogy of Fallot, and coarctation of the aorta.

CONCLUSIONS: There were no major differences among the 9 regions in the timing, 30- day postoperative mortality rate, and 
number of operations performed for sCHD. Despite an overall good prognosis for most congenital heart defects, some lesions 
were still associated with substantial postoperative death.
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Congenital heart defects (CHDs) are a consider-
able cause of both morbidity and death in infants 
and children. For instance, we showed in an 

earlier EUROlinkCAT (Establishing a Linked European 
Cohort of Children With Congenital Anomalies) study 
that, 40% of all surgical interventions in children aged 

<1 year are performed in those with a CHD. The most 
prevalent severe CHDs (sCHDs) include atrioventricu-
lar septal defect (AVSD), tetralogy of Fallot (TOF), and 
transposition of the great arteries (TGA).1 Although the 
surgical strategy differs among lesions (ie, complete 
operative correction in 1 procedure for AVSD versus 
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staged repair in hypoplastic left heart [HLH]), com-
plete surgical correction or stage II palliation is rec-
ommended in all children with sCHDs within the first 
year of life.2– 6 The optimal timing with regard to age 
or weight of the child remains to be determined. As 
pointed out by Holst et al,7 “outcomes and practices 
in CHD continue to be relatively heterogeneous; this 
is largely because of surgeon- specific practices, in-
stitutional preferences, and heterogeneity inherent to 

CHD.” Differences in surgical timing between institu-
tions may further be affected by differences in case 
mix, and, as such, it can be difficult to directly com-
pare tertiary sCHD surgical centers. Additionally, not 
all children with sCHDs reach the tertiary surgical cen-
ters, or they may not be offered surgery. Therefore, 
population- based studies including all liveborn chil-
dren with sCHDs are important for evaluating their 
morbidity and death.

As part of the EUROlinkCAT project,8 we sought to 
evaluate the timing of the first cardiac surgical inter-
vention, the number of cardiac surgical interventions, 
postoperative death, and survival in children born with 
sCHDs across 9 European regions in 6 countries for 
the first 5 years of life.

METHODS
Aggregated data from the local registries were up-
loaded to a secure central data repository at Ulster 
University. A condition for local approval for linking da-
tabases was that the linked data cannot be shared.

This is a European, population- based linkage co-
hort study arising from the EUROlinkCAT project.8 This 
project includes data on morbidity and death for chil-
dren born with congenital anomalies. As described in 
detail in Loane et al,9 21 registers originally agreed to 
participate. Due to challenges in obtaining local ethics 
permits or quality of data linkage, 9 registers were able 
to participate in the present study, all of which are from 
Western Europe.

Study Population
All children reported in the European Concerted Action 
on Congenital Anomalies and Twins (EUROCAT) 
congenital anomaly registries with the International 
Classification of Diseases, Tenth Revision (ICD- 10) di-
agnoses listed below. Finland and Funen (Denmark) 
used the equivalent International Classification of 
Diseases, Ninth Revision (ICD- 9) codes for part of the 
study period, and these were translated and mapped 
to corresponding ICD- 10 codes. For comparison of 
ICD- 9 and ICD- 10 codes, please refer to Table S1. The 
following EUROCAT- defined cardiac subgroups were 
included in the study.

Severe CHDs
All diagnoses of common arterial truncus, double- 
outlet right ventricle, TGA, single ventricle, AVSD, TOF, 
pulmonary atresia, tricuspid atresia or stenosis, Ebstein 
anomaly, hypoplastic right heart (HRH) syndrome, aor-
tic valve atresia or stenosis, mitral valve anomalies, 
HLH, coarctation of the aorta (CoA), interrupted aortic 
arch, and total anomalous pulmonary venous return.

CLINICAL PERSPECTIVE

What Is New?
• This study offers a comprehensive analysis 

of surgical interventions in severe congenital 
heart disease across European regions, reveal-
ing consistent timing for conditions like tetral-
ogy of Fallot, transposition of the great arteries, 
and atrioventricular septal defect. Notably, hy-
poplastic left heart and hypoplastic right heart 
cases involve early, frequent surgeries.

• While overall survival is positive, critical condi-
tions like hypoplastic left heart show 5- year sur-
vival of ≈50%.

What Are the Clinical Implications?
• The study informs optimal surgical timing for 

congenital heart disease, aligning with recom-
mendations for tetralogy of Fallot and atrioven-
tricular septal defect.

• Vigilance is crucial for managing high- frequency 
surgeries and mortality risks in patients with hy-
poplastic left heart and hypoplastic right heart.

• Population- based data are vital for accurate 
mortality assessment, emphasizing the risk of 
delayed surgical repair, especially for atrioven-
tricular septal defect.

Nonstandard abbreviations and acronyms

AVSD atrioventricular septal defect
CoA coarctation of the aorta
EUROCAT European Concerted Action on 

Congenital Anomalies and Twins
EUROlinkCAT Establishing a Linked European 

Cohort of Children With 
Congenital Anomalies

HLH hypoplastic left heart
HRH hypoplastic right heart
sCHD severe congenital heart defect
TGA transposition of the great 

arteries
TOF tetralogy of Fallot
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The main results presented in this study are for chil-
dren with isolated sCHDs only (although a child could 
have >1 type of cardiac anomaly). Children with asso-
ciated major anomalies in other organ systems or a 
genetic diagnosis were excluded.10 The consequence 
of excluding genetic diagnoses is that, for instance, for 
AVSD, only children with AVSD who do not have Down 
syndrome were included in the study population. Data 
on all children with sCHDs, including those with as-
sociated anomalies/genetic syndromes, are presented 
for comparison in Table S2.

Data on survival and on surgical procedures per-
formed during in- patient hospital stays for all children 
up to the child’s 10th birthday or the end of 2015, 
whichever came earlier, were obtained by electronic 
linkage to mortality statistics or vital statistics data-
bases and hospital databases. Details about the link-
age methods have been published elsewhere.8,9

The hospital databases in Finland; Funen, 
Denmark; Tuscany; and England (East Midlands and 
South Yorkshire, Thames Valley, and Wessex) covered 
hospitalizations in the whole country. For Wales, this 
included procedures carried out in England. For the 
Valencian Region and Emilia Romagna, the hospital 
databases covered the same region as the EUROCAT 
registry.

Surgical procedures were coded according to the 
coding systems used in the national health systems. 
Italy and Spain used International Classification of 
Diseases, Ninth Revision, Clinical Modification (ICD- 
9- CM) for the study period; Wales and England used 
Classifications of Interventions and Procedures; and 
Finland and Denmark used national adaptions of the 
Nordic Medico- Statistical Committee Classification of 
Surgical Procedures. Surgical procedures included 
catheter procedures but did not include diagnos-
tic procedures (eg, right heart catheterization); for an 
overview of what was included as a surgery, please 
refer to Table S3.

Specific Surgical Procedures
For some anomalies, it was possible to identify specific 
codes for surgical correction of a given CHD; this was 
the case for CoA, AVSD, modified Blalock–Thomas–
Taussig- shunt (which included the original subclavian 
artery to pulmonary artery shunt), and hemi- Fontan 
(which included all codes for superior cavopulmo-
nary anastomosis and therefore also the bidirectional 
Glenn procedure). Fontan codes could be reliably 
identified only in the Classifications of Interventions 
and Procedures/Nordic Medico- Statistical Committee 
Classification of Surgical Procedures/ICD- 9- CM codes 
from Denmark, Italy, and Wales. Data from these regis-
tries were also used to compare surgical timing for the 
specific condition versus having any cardiac surgery. 

For those lesions without lesion- specific codes, we 
identified having any cardiac surgery or any surgery in 
general as a proxy for cardiac surgery.

Statistical Analysis
The proportions of children having surgery were cal-
culated using Kaplan–Meier survival estimates to allow 
for the censoring of children occurring on December 
31, 2015, date of death, or date of emigration from the 
study region or country, as previously described in de-
tail.11 The numbers of surgical procedures the children 
had and the age at the time of the first surgery were 
non- Gaussian with a few extreme outliers, and there-
fore they were reported as medians and interquartile 
ranges; meta- analytic methods to combine all results 
across registries have been previously described else-
where.12 Briefly, quantile estimation methods were 
used to obtain pooled estimates of the median age at 
first operation and the 95% CIs using the metamedian 
package in R, version 4.0.3 (R Foundation for Statistical 
Computing, Vienna, Austria).13

Release of Small Numbers
The release of small numbers (<5) was not allowed 
for several of the registries; therefore, for most of the 
rare anomalies, survival/mortality rates are pooled es-
timates from all 9 European regions. Data on survival/
death could only be reported for individual registries on 
AVSD, TGA, and TOF.

Postoperative Death
For analysis, results were subdivided into 5 different age 
categories for each anomaly: 0 to 27 days, 28 days to 
<1 year, 0 to <1 year, 1 to 4 years, and 5 to 9 years. Please 
note that for postoperative death, the denominator is only 
children with a specific diagnosis and a surgical code; 
this is in contrast to the 1-  and 5- year mortality and sur-
vival rates where the denominator is all children with the 
specific diagnosis. Due to the smaller numbers of chil-
dren in the postoperative mortality rate, the combined 
mortality rate was not estimated using a meta- analytic 
approach; rather, all the deaths after surgery from each 
registry were combined and divided by the total number 
of children with a specific diagnosis and surgical code.

The 1-  and 5- year mortality rates were obtained 
from data that were aggregated from 13 registries 
(both regional and national), as previously described 
in detail in Glinianaia et al and Coi et al.14– 16 The aggre-
gated mortality data from these papers are presented 
separately in Table S4.

Ethical Clearance
All registries affiliated with the EUROCAT network pos-
sess the essential ethical authorizations and protocols 

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 20, 2023



J Am Heart Assoc. 2023;12:e029871. DOI: 10.1161/JAHA.122.029871 4

Damkjær et al Cardiac Defect Surgery in Children

to facilitate standard surveillance, data compilation, 
and secure transmission of deidentified information to 
the central EUROCAT database. Adhering to pertinent 
national directives, the registries provided substantia-
tion of these clearances to the EUROlinkCAT ethical 
dossier. Ulster University, the central data repository, 
also secured ethical endorsement (approval refer-
ence: FCNUR- 21- 060). Notably, as per the nature of 
the study, no institutional review board approval was 
requisite. The implementation of parental consent for 
the registration of infants with anomalies by local reg-
istries aligns with respective national legislations. For 
comprehensive insights, kindly consult the dedicated 
protocol paper.

RESULTS
Population Characteristics
We obtained data from 9 EUROCAT registries from 6 
countries for children born from 1995 to 2014. Data 
were available on 5693 children born with an sCHD 
(Table 1).

Timing of First Surgical Intervention
For all children born with an sCHD, the median age 
at first surgical intervention was 3.6 (95% CI, 2.6–4.5) 
weeks (aged up to 5 years) (Table 2). For children with 
an sCHD, 78% (95% CI, 70%–85%) had a surgery 
in the first year of life and 36% (95% CI, 31%–42%) 
between ages 1 and 4 years. The same pattern was 
observed for all the subtypes of sCHD with a higher 
percentage of children undergoing surgery in the first 
year of life, than at age 1 to 4 years. The timing of the 
first surgical intervention varied greatly among different 

sCHDs, ranging from 0.3 (95% CI, 0.0–0.7) week for 
HRH to 38.6 (95% CI, 33.0–44.1) weeks for AVSD 
(Table 2). Measures of heterogeneity (I2 values) for all 
variables can be found in Table S2.

Number of Surgical Interventions
Children with sCHDs were operated on a median of 
3.2 (95% CI, 2.6–3.9) times in their first 5 years of life. 
This includes both cardiac and noncardiac operations. 
Those with the highest median number of cardiac op-
erations in the first 5 years of life were children with 
HRH and HLH who underwent 5.0 (95% CI, 3.4–6.5) 
and 4.4 (95% CI, 3.1–5.6) cardiac surgical procedures, 
respectively (Table  2). Measures of heterogeneity (I2 
values) for all variables can be found in Table S2.

Difference in Timing of Cardiac Surgery 
Between European Regions
The timing of the first cardiac surgical intervention 
for each of the 9 European registries are summa-
rized as the median age and interquartile ranges in 
Figure  1A and 1B. The timing of the first surgery for 
specific sCHDs was fairly consistent in the first couple 
of weeks of life for TGA, total anomalous pulmonary 
venous return, and CoA. Children with AVSD were op-
erated on around age 5 to 6 months and TOF at age 
4 to 5 months (Figure 1A). For both the Blalock shunt 
and hemi- Fontan procedures, we observed consistent 
timing across Europe (Figure 1B).

Postoperative Death
We evaluated the 30- day postoperative mortality rate 
(based on the variable any surgery) for children with 

Table 1. Overview of the Participating Registries From the 9 Different European Regions

Region Birth years
Number of 
live births

Percentage of children with sCHD having any surgery (95% CI)

Age <1 y Age 1–4 y Age 5–9 y
Surgeries at both 
<1 y and 1–4 y

Denmark, Funen 1995–2014 159 72.6 (65.2–79.6) 41.0 (32.8–50.4) 44.2 (34.5–55.2) 29.1 (20.0–40.0)

Finland 1997–2014 2051 57.1 (54.9–59.3) 35.9 (33.7–38.3) 23.6 (21.2–26.2) 23.4 (21.1–25.9)

Italy, Tuscany 2005–2014 287 83.0 (78.4–87.1) 24.1 (18.8–30.5) 35.7 (23.9–51.2) 17.9 (12.3–25.0)

Italy, Emilia Romagna 2008–2014 358 83.2 (79.1–86.9) 24.3 (19.2–30.6) 21.3 (15.9–27.8)

Spain, Valencian Region 2010–2014 265 67.2 (61.5–72.9) 32.8 (25.6–41.4) 25.4 (18.2–34.3)

United Kingdom, Wales 1998–2014 895 72.5 (69.5–75.5) 36.1 (32.6–39.8) 29.8 (25.8–34.3) 26.6 (22.9–30.7)

United Kingdom, Thames 
Valley

2005–2013 314 85.2 (80.8–89.1) 43.2 (36.8–50.3) 34.8 (23.9–48.8) 37.1 (30.1–45.0)

United Kingdom, Wessex 2004–2014 426 88.5 (85.1–91.4) 38.5 (33.1–44.4) 44.4 (36.1–53.6) 31.9 (25.7–38.8)

United Kingdom, East 
Midlands and South 
Yorkshire

2003–2012 938 83.7 (81.2–86.1) 51.0 (47.4–54.8) 38.0 (33.0–43.5) 38.8 (34.2–43.7)

Total 5693

Shown are the births years available from each registry, the number of live births with severe congenital heart disease (sCHD), and the percentage of children 
having any surgery for 4 different age categories.
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sCHDs across all 9 European regions divided into 5 
different age categories (Table 3). The highest 30- day 
postoperative mortality rates occurred when the sur-
gery was performed in the first month of life (0–28 days), 
which for all children with an sCHD was 7.0% (95% 
CI, 6.1%–8.0%). The postoperative mortality rate was 

3.8% (95% CI, 3.2%–4.5%) for children aged 29 days to 
1 year, 1.7% (95% CI, 1.2%–2.5%), for children aged 1 
to 4 years, and 1.9% (95% CI, 1.0%–3.5%) for children 
aged 5 to 9 years. The highest postoperative mortal-
ity rates were found in children with Ebstein anomaly, 
HLH, HRH, and common arterial truncus.

Table 2. Median Age at First Cardiac Surgery and Median Number of Cardiac Surgical Procedures in the First 10 Years of 
Life for All Participating Registries

Anomaly
Surgery 
coding

Number of 
children with 
anomaly

Percentage with any surgery
Median age first 
operation in 
weeks up to age 
5 y (95% CI)

Median 
number of 
operations 
up to age 5 y 
(95% CI)<1 y 1–4 y 0–4 y

sCHD Any surgery 5693 78 (70 to 85)
I2=97.7

36 (31 to 42)
I2=91.2

88 (81 to 92)
I2=97.2

3.6 (2.6 to 4.5)
I2=87.5

3.2 (2.6 to 3.9)
I2= 97.7

AVSD Any surgery 453 58 (48 to 66) 47 (36 to 57) 82 (70 to 89) 21.6 (17.7 to 25.4) 3.0 (2.4 to 3.6)

AVSD AVSD surgery 453 29 (22 to 36) 21 (14 to 28) 51 (41 to 60) 38.6 (33.0 to 44.1) 1.0 (1.0 to 1.0)

TGA Any surgery 980 90 (86 to 94) 31 (24 to 38) 94 (89 to 96) 1.1 (0.7 to 1.5) 3.9 (3.2 to 4.6)

TOF Any surgery 805 90 (83 to 94) 41 (33 to 49) 97 (95 to 98) 24.7 (21.1 to 28.3) 3.0 (2.4 to 3.6)

Pulmonary 
valve atresia

Cardiac 
surgery

245 84 (69 to 92) 56 (45 to 66) 92 (78 to 98) 0.9 (0.5 to 1.3) 3.8 (3.3 to 4.2)

TAPVR Cardiac 
surgery

193 87 (75 to 93) 13 (8 to 20) 93 (81 to 97) 2.1 (0.9 to 3.2) 2.0 (1.7 to 2.4)

CoA Any surgery 1566 81 (73 to 87) 33 (27 to 38) 89 (82 to 93) 2.4 (1.8 to 3.1) 2.4 (2.0 to 2.9)

CoA Surgery for 
coarctation

1566 66 (54 to 76) 7 (5 to 10) 73 (61 to 83) 2.7 (1.9 to 3.6) 1.0 (1.0 to 1.0)

HLH Any surgery 476 90 (81 to 95) 71 (48 to 85) 97 (88 to 99) 0.9 (0.7 to 1.0) 5.3 (3.8 to 6.7)

HLH Cardiac 
surgery

476 88 (76 to 95) 68 (44 to 83) 97 (86 to 99) 0.9 (0.7 to 1.0) 4.4 (3.1 to 5.6)

HLH Blalock shunt 476 25 (8 to 47) 2 (0 to 9) 26 (8 to 49) 0.9 (0.5 to 1.4) 1.2 (0.8 to 1.6)

HLH Hemi to Fontan 476 60 (41 to 75) 19 (4 to 42) 67 (46 to 82) 25.4 (19.8 to 30.9) 1.1 (0.9 to 1.4)

HLH Complete 
Fontan

94 39 (27 to 52) 19 (8 to 33) 39 (13 to 64) 26.5 (0.4 to 52.7) 1.0 (1.0 to 1.0)

HRH Cardiac 
surgery

62 95 (83 to 99) 52 (24 to 74) 98 (88 to 100) 0.3 (0.0 to 0.7) 5.0 (3.4 to 6.5)

HRH Blalock shunt 62 48 (26 to 68) 2 (0 to 12) 51 (27 to 70) 0.4 (0.0 to 0.9) 1.0 (1.0 to 1.0)

HRH Hemi to Fontan 62 58 (41 to 72) 24 (10 to 42) 81 (65 to 90) 26.1 (19.3 to 32.8) 1.0 (1.0 to 1.0)

HRH Complete 
Fontan

20 31 (0 to 96) 23 (5 to 47) 28 (6 to 57) 213.2 (90.4 to 
336.0)

1.0 (1.0 to 1.0)

Aortic valve 
atresia/stenosis

Any surgery 661 63 (49 to 74) 38 (26 to 49) 69 (57 to 78) 3.1 (1.4 to 4.8) 2.0 (1.3 to 2.8)

Double outlet 
right ventricle

Any surgery 226 89 (84 to 93) 52 (36 to 67) 97 (93 to 99) 5.1 (2.4 to 7.7) 4.1 (3.4 to 4.9)

Common 
arterial truncus

Any surgery 106 76 (63 to 84) 36 (23 to 48) 94 (73 to 99) 2.6 (1.5 to 3.8) 3.1 (2.3 to 3.8)

Single ventricle Any surgery 222 89 (75 to 96) 77 (40 to 93) 96 (88 to 99) 1.8 (1.3 to 2.3) 5.8 (4.3 to 7.4)

Triscuspid 
atresia and 
stenosis

Any surgery 318 80 (67 to 88 55 (40 to 67) 86 (75 to 92) 2.7 (1.0 to 4.5) 5.0 (4.4 to 5.6)

Ebstein 
anomaly

Any surgery 194 35 (19 to 52) 29 (21 to 37) 45 (31 to 58) 13.3 (2.8 to 29.5) 2.3 (1.4 to 3.2)

Numbers in parentheses indicate 95% CIs. For those anomalies where it was possible to identify the specific surgical codes for anatomic correction of the 
anomaly, rather than just the overarching category of cardiac surgery, we have indicated the median age for both. For the anomaly- specific surgical procedures, 
the median number of surgical procedures refers to that specific surgery alone, such that this will be >1 only if the surgery is undertaken more than once in 
the first 5 years of life. The number of children undergoing surgery can be calculated directly from the table. Please note that surgical codes for the Fontan 
procedure could be reliably identified only in Denmark, Italy, and Wales. I2 values are shown only for sCHD. All these values can be found in Table S2. AVSD 
indicates atrioventricular septal defect; CoA, coarctation of the aorta; HLH, hypoplastic left heart; HRH, hypoplastic right heart; sCHD, severe congenital heart 
defect; TAPVR, total anomalous pulmonary venous return; TGA, transposition of the great arteries; and TOF, tetralogy of Fallot.
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Figure 1. Median age and interquartile range (in weeks) at first cardiac surgery for children with congenital heart defects 
from the participating European regions.
A, Timing of first surgical interventions for specific conditions and procedures. B, Timing of first surgical interventions for common 
CHDs. Please note that for the Blalock shunt and hemi- Fontan, this is not restricted to any specific cardiac diagnosis, only the 
surgical codes, and as such will include any anomaly in which these surgical procedures have been undertaken. AVSD indicates 
atrioventricular septal defect; CoA, coarctation of the aorta; CAROBB, Congenital Anomaly Register of Oxfordshire, Berkshire, and 
Buckinghamshire; EMSYCAR, The East Midlands & South Yorkshire Congenital Anomalies Register; HLHS, hypoplastic left heart 
syndrome; HRHS, hypoplastic right heart syndrome; PA, pulmonary atresia; TAPVR, total anomalous pulmonary vein return; TGA, 
transposition of the great arteries; TOF, tetralogy of Fallot; and WANDA, Wessex Registry of Antenatally Detected Anomolies.
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Differences in Surgical Outcomes Across 
Europe

We examined the 30- day postoperative mortality 
rate in the first year of life for all cases of sCHD. Due 
to problems with small numbers, data on most of the 
specific sCHD diagnoses had to be excluded from the 
analysis. It was possible to compare only the 30- day 
postoperative mortality rate across the 9 regions for 
cases of AVSD, TGA, and TOF. With this restriction, 
data from Funen, Denmark, had to be excluded due 
to small numbers for all 3 anomalies, and data from 
the Valencia Region had to be excluded for AVSD. 
Generally, 30- day postoperative mortality rates for TGA 
and TOF are similar across the 9 regions. The only no-
table exception appears to be that Wales has a higher 
AVSD mortality rate than the other regions (Figure 2). 
Data on all- cause mortality in the first year of life for all 
9 European regions are included in Table S5.

DISCUSSION
In this cohort from Western Europe, we show that chil-
dren with sCHDs are operated on at a median age of 
3.6 weeks. For most of the specific sCHDs (TOF, TGA, 
total anomalous pulmonary venous return, AVSD, and 
CoA) timing was broadly similar across the included 
regions. Children born with HLH and HRH underwent 
the most cardiac surgical procedures, with half of them 
having at least 5 surgical procedures on average in the 
first 5 years of life. The 30- day postoperative mortality 
rate was highest for children undergoing surgery in the 
first month of life. The 30- day postoperative mortality 
rate was comparable across the European regions. 
Although overall survival is good (close to 90%), the 5- 
year survival for critical conditions such as HLH is still 
only around 50% (Table S4).

The suggested optimal timing for surgical correction 
of TOF in infants with no or mild symptoms is around 
3 to 6 months17 and for AVSD around 4 months.2 This 

Figure 2. Plot of 30- day postoperative mortality rate in the first year of life for 9 different European regions.
Data from Funen, Denmark had to be excluded due to small numbers for all 3 anomalies, and data from the Valencia Region had to be 
excluded for AVSD. Also please note that AVSD includes only nonchromosomal cases. AVSD indicates atrioventricular septal defect; 
sCHD, severe congenital heart defect; TGA, transposition of the great arteries; and TOF, tetralogy of Fallot.
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is in line with what we observe across the 9 European 
regions, with timing of surgery for TOF at 4 to 5 months 
and AVSD at 5 to 6 months (Figure 1A). For critical le-
sions such as TGA, pulmonary atresia, and total anom-
alous pulmonary venous return, we also observe, as 
expected, rather consistent surgical timing in the neo-
natal period across the 9 regions. For patients with HLH 
or HRH, the modified Blalock–Taussig–Thomas shunt 
was performed at a median age of 0.4–0.9 weeks, 
which is in line with other reports.18 Timing of the hemi- 
Fontan (or bidirectional Glenn procedure) is around 
6 months (23.3 weeks in HLH), which is also well in line 
with other reports.19

We found the highest 30- day postoperative mor-
tality rate in the neonates (6.5%), which is consistent 
with reports from other surgical centers.20 It can be 
argued that the 30- day mortality rate is not the most 
optimal parameter to measure if our aim is to assess 
surgical outcome. Increased capacity to prolong life in 
the intensive care unit can decrease the 30- day mor-
tality rate without this translating into increased sur-
vival to discharge.21 Some authors therefore prefer the 
discharge mortality rate as the primary surgical out-
come.22 As such, there is a risk that our results slightly 
underestimate the postoperative mortality rate.

There were regional differences in postoperative 
mortality rates for children with sCHD, with the high-
est mortality rate being approximately double that of 
the lowest. However, it should be cautioned that when 
looking at data on all children with sCHDs, differences 
in case mix of rare conditions with high mortality such 
as HRH and HLH might well skew comparisons be-
tween regions. For the most prevalent diagnoses 
(AVSD, TGA, and TOF), we had large enough data sets 
to allow for a more direct comparison among regions. 
This showed that comparable results with respect to 
the 30- day postoperative mortality rate was achieved 
across the European regions. The only notable ex-
ception appears to be AVSD cases in Wales. One ex-
planation for this might be that, although the surgical 
timing was similar, the upper limits of the 95% CI for 
Wales was 81 weeks, with all other regions at around 
40 weeks. This shows that some patients underwent 
surgery in the second year of life. Later surgical repair 
increases the risk of pulmonary vascular hypertension 
and may increase the mortality rate,23 which could be 
a possible explanation for the higher AVSD mortality 
rate in Wales.

An important limitation when looking at cardiac 
surgical intervention is that in most instances we have 
limited information about the precise repair performed. 
The primary challenge was differences in coding sys-
tems among European regions, making it impossible 
to reliably translate between systems for most pro-
cedures. Another important limitation is that we do 
not have data on when a diagnosis was made or the 

potential referral time to a tertiary surgical center. It is 
well established that in utero diagnosis or early post-
natal diagnosis of a duct- dependent CHD can the 
decrease mortalityrate.24,25 A significant number of 
deaths in children with a duct- dependent CHD occur 
in those with late or no referral to a tertiary center.25 
Most studies of mortality rates are data from tertiary 
units reporting their outcome in surgical series,26 and 
thus to examine the true mortality rate for a specific 
CHD, it is important to have population- based data as 
in the present study.

In conclusion, there were no major differences 
among the 9 Western European regions in the timing 
and number of surgical procedures for children with 
CHDs. Despite an overall good prognosis for most 
CHDs, some lesions are still associated with substan-
tial postoperative death and a 5- year survival of <90%. 
The results of this study can aid medical staff in coun-
seling parents regarding timing of surgery and survival.
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