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Summary

BACKGROUND: Adults with transposition of the great ar-
teries (d-TGA) after the arterial switch operation (ASO) are 
an evolving cohort in adult cardiology. We aimed to ana-
lyze cardiac function and cardiac events after transition to 
the adult clinic in Switzerland.

MATERIALS AND METHODS: Adults with prior ASO en-
rolled in the Swiss Adult Congenital HEart disease Reg-
istry (SACHER) were included. We analyzed initial cardiac 
anatomy, surgical history, residual lesions and cardiac 
function at the time of inclusion, as well as cardiac events 
during follow-up. Patients were classified as complex (with 
ventricular septal defect) or simple (with intact interventric-
ular septum) d-TGA.

RESULTS: The cohort included 149 patients (99 simple d-
TGA, 50 complex d-TGA; age 21±3 years; 71% male, fol-
low-up 27 [15–46] months). Prior to inclusion, patients with 
complex d-TGA had undergone more interventions relat-
ed to the left ventricular outflow tract (16% vs. 3%, p = 
0.01). Functional and cardiovascular status were similar 
between the groups. Eleven patients (7%) had a total of 19 
cardiac events (5 complications and 14 re-interventions) 
during follow-up. Patients with complex d-TGA had more 
cardiac-related complications compared to those with sim-
ple d-TGA (8% vs. 1%, p = 0.03). The frequency of re-in-
terventions was not statistically different between the two 
groups (12% vs. 4%, p = 0.07). During follow-up, an in-
crease in QRS duration was observed. Other parameters 
of cardiac function remained unchanged.

CONCLUSION: The majority of adult ASO patients have 
normal functional class and cardiac function. Complex

anatomy and residual lesions play a key role when regard-
ing the occurrence of cardiac-related complications during
follow-up. The role of QRS prolongation over time needs
to be investigated further.

Introduction

Dextro-transposition of the great arteries (d-TGA) is the
second most common cyanotic heart defect in newborns
and accounts for 3% of all congenital heart lesions [1,
2]. Without surgical intervention, survival beyond the first
year of life is unlikely [3]. Surgical repair has transitioned
from atrial switch procedures (Senning or Mustard oper-
ations) to the arterial switch operation (ASO) since the
1980s [4]. Survival to adulthood after the ASO is excellent,
with few complications reported during the first two
decades after the operation [5–7]. Long-term cardiac-re-
lated complications due to haemodynamic residuae or se-
quelae related to the surgical repair procedure have been
observed. Early studies in adult survivors have raised con-
cerns about progressive dilatation of the neo-aortic root
and malfunction of the neo-aortic valve, pulmonary artery
stenosis and stenosis of the right ventricular outflow tract
(RVOT), ventricular dysfunction, and coronary artery ob-
struction [5, 8–17].

A better understanding of the factors associated with long-
term complications among ASO patients beyond child-
hood may be important when designing interventions to
improve outcomes for these patients during adulthood. We
therefore aimed to comprehensibly analyze a cohort of
adults who had an ASO for d-TGA from the Swiss Adult
Congenital HEart disease Registry (SACHER) in order to
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raise awareness among general practitioners and general
cardiologists about this growing population in the current
Swiss adult cardiology [18].

Methods

Setting and study population

The Swiss registry for adults with congenital heart disease
(SACHER; www.sacher-registry.com; ClinicalTrials.gov
Identifier NCT2258724, Ref. No. EK:180/13), established
in 2013, is a prospective cohort study of adult patients with
congenital heart disease (ACHD) with predefined follow-
up protocols and regular assessment of adverse events. Pa-
tients with structural congenital heart defects or hereditary
aortopathies, who are followed at dedicated ACHD clin-
ics, have been asked to participate in SACHER since 2013.
Data are pseudonymized and stored in an electronic, web-
based database (secuTrial®). Collected data include de-
tailed diagnosis, type of repair procedures, previous com-
plications and adverse outcomes during follow-up. The
detailed methodology of the registry has been published
previously [18]. For the purpose of this study, patients who
underwent ASO for d-TGA were identified from SACH-
ER. There were no predefined time intervals between clin-
ical visits. Clinical visits were planned according to the
discretion of the treating physician. The baseline visit was
defined as the closest (in time) clinical visit to the inclusion
of the patient into SACHER, while the last clinical visit
previous to the analysis of the data was considered to be
the follow-up visit.

All patients had given their written informed consent and
the study was approved by the local ethics committees.

Clinical parameters

Baseline and follow-up information including demograph-
ic characteristics, cardiac anatomy and function, surgical
and medical history, cardiac imaging, cardiovascular fit-
ness, functional status (according to the New York Heart
Association [NYHA] functional classification), laboratory
parameters, office blood pressure, echocardiographic and
cardiac magnetic resonance imaging (cMRI) parameters
and cardiac-related events during follow-up were extracted
from local charts.

The following echocardiographic parameters were ob-
tained: left ventricular ejection fraction (LVEF), left ven-
tricular end-diastolic and end-systolic diameters (LVEDD
and LVESD), severity of neo-aortic regurgitation (AR),
presence of right ventricular outflow tract stenosis, pres-
ence of abnormal wall motion and dimensions of the aortic
root and ascending aorta. The following parameters ob-
tained from cMRI were collected: right ventricular ejection
fraction (RVEF), dimensions of the aortic root and ascend-
ing aorta, late gadolinium enhancement, and diameters of
the main, right and left pulmonary arteries.

Definitions

Cardiac morphology was classified as simple TGA (intact
interventricular septum) or complex TGA (ventricular sep-
tum defect [VSD]). AR was defined and graded as mild,
moderate or severe in accordance with the published
guidelines [19]. Predicted (%) peak oxygen uptake (peak

VO2) was obtained from cardiopulmonary exercise tests.
Both the type of exercise test and the formula used to cal-
culate the peak VO2 were centre-specific and no study pro-
tocol was applied with this regard.

Outcome definitions

Cardiac events (cardiac-related re-interventions and car-
diac-related complications) occurring during follow-up
were registered. The following events were considered car-
diac complications: cardiac-related death, hospitalization
for heart failure, sustained supraventricular and ventricular
tachycardia requiring medical intervention, myocardial in-
farction, stroke and infective endocarditis. The following
events were considered cardiac-related interventions: any
form of valvar replacement, ablation procedures for the
treatment of cardiac arrhythmias, percutaneous interven-
tions and cardiac device-related interventions. The com-
bined primary outcome was defined as the occurrence of
either cardiac events or cardiac-related complications.

Obstetric complications (such as clinically relevant minor
bleeding, major bleeding, preterm labour and pre-eclamp-
sia/eclampsia) and adverse maternal cardiac events during
pregnancy, age at gestation, method of delivery, birth
weight, and foetal and neonatal adverse events were ob-
tained from cardiac and obstetric charts. Adverse maternal
cardiac events of interest included tachyarrhythmias and
bradyarrhythmias requiring treatment, pulmonary oedema
(diagnosed by chest x-ray), myocardial infarction and oth-
er thromboembolic events. When possible, foetal and
neonatal adverse events were also obtained from charts.
These included foetal (<20 weeks of gestation) or neonatal
death (within 28 days after birth), premature birth (delivery
<37 weeks of gestation), small for gestational age birth
weight (<10th percentile of gestational age), intraventricu-
lar haemorrhage, respiratory distress and congenital heart
disease in the newborn. The above-mentioned obstetric
complications and parameters related to cardiovascular sta-
tus and function (see clinical parameters) were considered
as secondary outcomes.

Statistics

SPSS software (version 26.0, SPSS Inc., Chicago, Illinois)
was used for data analysis. Baseline characteristics were
stratified according to cardiac anatomy. The distributions
of continuous variables were assessed using skewness,
kurtosis and visual inspection of the histogram. Continu-
ous variables were presented as mean (standard deviation
[SD]) or median (interquartile range [IQR]) and compared
using paired t-tests or Wilcoxon tests, as appropriate, for
the comparison of dependent samples (baseline vs. follow-
up parameters), and using unpaired t-tests or Kruskal-Wal-
lis tests, as appropriate, for the comparison of independent
samples (stratified baseline characteristics). Categorical
variables were presented as counts (percentages) and com-
pared using chi-square or McNemar tests, as appropriate.
Survival analysis for the occurrence of the combined pri-
mary outcome in patients with simple d-TGA vs. complex
d-TGA at 48 months was assessed using the Kaplan-Meier
estimator. The statistical significance of differences be-
tween groups was assessed by means of the log-rank test.
For all analyses, the null hypothesis was rejected for p-val-
ues <0.05.
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Results

Baseline characteristics

Out of a total of 4,686 patients included in SACHER, 344
(7%) had d-TGA, of whom 195 (57%) were operated on
with an atrial switch and have been excluded from the
analysis. All patients with d-TGA who were operated with
an ASO have been included in the analysis (no exclusion
criteria, figure S1). Among the 149 patients with previ-
ous ASO for surgical repair of d-TGA who were included
in the analysis, 71% were male. Ninety-nine (66%) had a
simple cardiac anatomy. Baseline characteristics stratified
by cardiac anatomy (simple vs complex d-TGA) are sum-
marized in table 1.

In patients with complex d-TGA, ASO was performed lat-
er in life (median [IQR] age 11 [5–405] days vs. 7 [5–9]
days, p = 0.001). Among patients with complex d-TGA,
the ASO was performed beyond the neonatal period (>30
days of age) more often compared to in newborns with
simple d-TGA (19/50 (49%) vs. 5/99 (5%), p <0.001). Pa-
tients with complex d-TGA were more often born with
concomitant aortic arch hypoplasia (8% vs. 0%, p = 0.004)
and aortic coarctation (12% vs. 1%, p = 0.003). Previ-
ous device implantation before inclusion (pacemaker or
automated implantable cardioverter defibrillator [AICD])
was significantly more frequent among patients with com-
plex d-TGA compared to among those with simple d-TGA
(10% vs. 1%, p = 0.03). Accordingly, patients with com-
plex d-TGA had more often interventions related to cardiac

devices during childhood (10% vs. 2%, p = 0.03). Also, in-
terventions related to the aorta were more common among
patients with complex d-TGA. The frequency of and age at
first cardiac-related complications until inclusion are pro-
vided in table S1 of the supplementary material.

Functional status and residual lesions at the time of inclu-
sion in the adult cohort

Mean age at inclusion was 21±3 years. At baseline, pa-
tients had overall preserved biventricular systolic function
(LVEF 59±8%, RVEF 54±8%) and most of them (95%)
had a normal functional class (NYHA I). The LVEF was
<45% in 6/104 (6%) patients with valid data, and of these
only one patient had an LVEF <30% (due to dilated car-
diomyopathy). There were no statistically significant dif-
ferences concerning cardiac function and cardiovascular
status between patients with simple versus complex d-
TGA (table 2). However, patients with complex d-TGA
had longer QRS durations compared to those with simple
d-TGA (106 [90–140] ms vs. 96 [90–105] ms, p = 0.001).

The mean diameter of the neo-aortic root was 38±5 mm,
with no difference between patients with simple and com-
plex d-TGA. At baseline, the dimension of the aortic root
was 40–44 mm in 22/98 (22%) patients; 45–50 mm in 11/
98 (11%) patients, and >50 mm in 3/98 (3%) patients. The
dimension of the ascending aorta was >40 mm in 11/98
(11%) patients. In total, 80 (55%) patients had some de-
gree of neo-aortic valve regurgitation and 3 (2%) patients
had severe neo-aortic regurgitation. Three out of seven pa-

Table 1:
Baseline characteristics.

All patients Simple d-TGA Complex d-TGA p

N 149 99 50

Demographics

– Male gender (%) 105 (70) 70 (71) 35 (70) 0.9

– Age at repair (days) 7 (5-12) 7 (5-9) 11 (5-405) 0.001

Associated cardiovascular malformations (other than VSD or DORV)

– Atrial septal defects (%) 50 (37) 31 (31) 19 (38) 0.4

– Patent ductus arteriosus (%) 33 (22) 19 (19) 14 (28) 0.2

– Related to LVOT and aorta: Aortic arch hypoplasia (%) 4 (3) 0 (0) 4 (8) 0.004

Supravalvar aortic stenosis (%) 2 (1) 1 (1) 1 (2) 0.62

Subaortic stenosis (%) 2 (1) 0 (0) 2 (4) 0.05

Coarctation of the aorta (%) 7 (5) 1 (1) 6 (12) 0.003

– Related to RVOT: Congenital pulmonary valve stenosis 3 (2) 2 (2) 1 (2) 0.99

Infundibular pulmonary stenosis 5 (3) 2 (2) 3 (6) 0.2

– Coronary anomalies+ 18 (12) 12 (12) 6 (12) 0.99

Subsequent interventions before inclusion 63 (42) 36 (36) 27 (54) 0.04

– Interventions related to the LVOT and aorta 11 (7) 3 (3) 8 (16) 0.004

– Interventions related to pulmonary valve and pulmonary arteries 41 (28) 24 (24) 17 (35) 0.2

– Pacemaker/AICD 7 (5) 2 (2) 5 (10) 0.03

– Interventions related to coronary arteries 3 (2) 2 (2) 1 (2) 0.99

– Other interventions 17 (11) 12 (12) 5 (10) 0.7

Valve replacement 14 (10) 7 (6) 7 (19) 0.03

Pacemaker/AICD placement 6 (4) 1 (1) 5 (10) 0.03*

– AICD 2 (1) 1 (1) 1 (2)

– AICD-CRT 1 (1) 0 1 (2)

– Pacemaker 3 (2) 0 3 (6)

AICD = automated implantable cardioverter defibrillator; CRT = cardiac resynchronisation therapy; d-TGA = dextro-transposition of the great arteries; DORV = double outlet of
right ventricle; LVOT = left ventricular outflow tract; RVOT = right ventricular outflow tract; VSD = ventricular septum defect
* p for overall
+Out of eighteen patients with a congenital coronary anomaly, two had a single coronary artery, a further two had a right coronary artery arising from the left coronary aortic sinus,
nine had a left coronary artery arising from the right coronary aortic sinus, and for five patients the type was not specified.
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tients with repaired coarctation had residual coarctation at
inclusion. Twenty-seven (18%) patients had residual pul-
monary artery or other RVOT stenosis. Myocardial perfu-
sion imaging (mainly stress cMRI) to evaluate myocardial
ischaemia was performed in 52 patients. In 41 (79%) the
imaging results were reported as normal, in 9 (17%) pa-
tients there was a myocardial scar and 2 (6%) patients had
a perfusion defect.

Follow-up

Median follow-up duration after inclusion in the adult co-
hort was 27 [15–46] months. Follow-up duration was
slightly, but statistically significantly longer for patients
with complex d-TGA compared to patients with simple d-
TGA (34 [23–49] vs. 24 [0–43] months, p = 0.002).

Cardiac-related complications and re-interventions

Cardiac events which occurred during follow-up are out-
lined in table 3.

A cardiac event occurred in 11 (7%) patients. Five (3%)
patients suffered from cardiac-related complications and
14 cardiac-related interventions among 10 patients were
reported. Two patients died during follow-up. One patient
with severe pulmonary hypertension died two days after
bilateral lung transplantation due to multiple organ failure.
The other patient died due to septic shock related to pros-
thetic valve endocarditis. Two patients had infective endo-
carditis after the implantation of a bio-prosthetic valve and
two patients had recurrent supraventricular arrhythmia. Pa-
tients with complex d-TGA had more cardiac-related com-
plications compared to patients with simple-d-TGA (8%
vs. 1%, p = 0.03).

Five cardiac-related interventions were related to the left
side of the heart (two stent implantations for re-coarctation
and three aortic valve replacements), while three were re-
lated to the right side (stenting of pulmonary branch steno-
sis and patch augmentation of the pulmonary artery with
concomitant pulmonary valve replacement). In two pa-
tients, transcatheter ablation techniques for the treatment
of recurrent supraventricular tachycardia were performed.
Although not statistically significant, cardiac-related inter-
ventions were more commonly seen among patients with a
complex anatomy (12% vs. 4%, p = 0.07) (see figure 1).

Functional and cardiovascular status over time

Over time, LVEF, RVEF, VO2max and NT-proBNP did
not change significantly and no progression in the severity
of neo-aortic regurgitation was observed (Table S2 of the
supplementary material). There was a non-statistically sig-
nificant increase in the diameter of the neo-aortic root
(38±5mm to 39±5mm, p = 0.07), while QRS duration
showed a statistically significant increase (107±24 vs.
111±26, p <0.001). This increase in QRS duration during
follow-up was observed in both patients with simple d-
TGA and those with complex d-TGA (∆median QRS [ms]
of 4, p = 0.001, and 2, p = 0.007, for simple and complex
d-TGA, respectively).

Pregnancies

Among seven women, twelve pregnancies carried to term.
Maternal mean age at delivery was 26±4 years. The mean
gestational age at delivery was 39 weeks ± 12 days and the
mean birth weight was 3,017±424 grams. There were eight
(67%) vaginal deliveries and four (33%) caesarean sec-
tions. There were no cardiac events during pregnancy, peri-

Table 2:
Functional status and residual lesions at the time of inclusion (adult cohort).

All patients Simple d-TGA Complex d-TGA p

N 149 99 50

BSA (m2) 1.82±0.2 1.81±0.2 1.83±0.2 0.5

Age at inclusion (years) 21±3 21±4 21±3 0.7

Cardiovascular and functional status

BMI (kg/m2) 23 (20–26) 22 (21–24) 23 (20–25) 0.5

NYHA class ≥II (%) 8 (5) 5 (5) 3 (6) 0.8

NT-pro BNP (ng/L) (n = 91) 63 (37–121) 55 (117–133) 75 (41–168) 0.1

VO2 max. (% of predicted, n=69) 78±17 79±19 77±15 0.7

LVEF (%) 59±8 59±8 59±9 0.4

RVEF (%)a 54±8 53±8 55±8 0.4

QRS duration (ms)b 98 (90–112) 96 (90–104) 116 (97–142) 0.002

Sinus rhythm (%) 147 (99) 98 (100) 49 (98) 0.1

Residual lesions

Aortic regurgitation: mild to moderate (%) 77 (53) 50 (52) 27 (55) 0.9

Aortic regurgitation: severe (%) 3 (2) 2 (2) 1 (1) 0.9

Neo-aortic root diameter (mm) 38±5 38±6 38±5 0.7

Z-scores for the neo-aortic root diameterc 2.6±1.9 2.6±2.1 2.6±1.6 0.97

Ascending aortic diameter (mm) 32±6 32±6 32±6 0.9

RVOT stenosis (%) 27 (18) 19 (19) 8 (16) 0.6

Residual coarctation (%) 3 (2) 0 3 (6) 0.01

Data are mean ± standard deviation, median (interquartile range) or number (percentage). BMI = body mass index; BSA = body surface area; d-TGA = dextro-transposition of
the great arteries; DORV = double outlet of right ventricle; LVEF = left ventricular ejection fraction; NYHA = New York Heart Association; NT-pro BNP = N-terminal fraction of
pro-B-type natriuretic peptide; RVEF = right ventricular ejection fraction; RVOT = right ventricular outflow tract; VO2 = myocardial oxygen consumption
a Data from cardiac magnetic resonance studies
b In the complex d-TGA group, one patient with an AICD-CRT and three patients with pacemakers were excluded from the analysis.
c Z-Scores for the aortic root diameters were calculated using the formula reported by Devereux et al. (34)
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or post-partum. There were no adverse maternal cardiac
events during pregnancy. Concerning offspring complica-
tions, there was one foetal death due to foetal thrombotic
vasculopathy with subsequent intrauterine growth restric-
tion. Two newborns from the same mother were born small
for their gestational age (active smoker during both preg-
nancies). Besides that, there were no reported congenital
heart defects or chromosomopathy among the 11 healthy
newborns. See table 4 for details.

Survival analysis for the combined primary outcome

Survival analysis for the occurrence of the combined pri-
mary outcome for patients with simple vs. complex d-TGA
was assessed using the Kaplan-Meier estimator and is de-
picted in figure 2.

Even though the primary outcome-free survival time was
better among patients with simple d-TGA (red), no sta-
tistically significant differences between the groups were
found.

Table 3:
Cardiovascular-related events during follow-up.

Type of TGA (associated lesions) Description of complication/re-intervention

Complex d-TGA (subpulmonary VSD, PDA and
ASD II)

Male, 25 years, severe pulmonary arterial hypertension after intracardiac repair.

Died two days after bilateral lung transplantation from haemorrhagic complications and multi-organ failure

Complex d-TGA (VSD, PDA and ASD) Male, 21 years, 7 surgical and percutaneous re-interventions before inclusion.

At 21 years of age stenting of residual coarctation

At 25 years of age (twice) neo-aortic and pulmonary root replacement for infective endocarditis with complicated periopera-
tive courses (a total of three interventions/operations needed)

At 30 years of age death due to multi-organ failure from infective prosthetic valve endocarditis of the neo-aortic valve pros-
thesis

Complex d-TGA (VSD) Male, 22 years, recurrent atrial flutter

Elective ablation of the cavotricuspid isthmus

Complex d-TGA (DORV, hypoplasia of ascend-
ing aorta and aortic arch)

Male, 21 years, previous neo-aortic valve replacement (twice) and recurrent ablation procedures for atrial arrhythmias before
inclusion

Elective electrophysiologic study and radio-frequency ablation for recurrent IART

Simple d-TGA (pulmonary artery stenosis) Female, 21 years, pulmonary branch stenosis

At age 21 years surgical reconstruction of branch pulmonary artery stenosis and bio-prosthetic pulmonary valve replacement

At age 22 years (12 months after pulmonary valve implantation) infective endocarditis, managed medically

Simple d-TGA Male, 22 years, elective stenting of the left pulmonary artery

Complex d-TGA (VSD) Male, 22 years, re-coarctation 22 years after surgical repair (end-to-end anastomosis)

Elective stenting of the aortic isthmus due to arterial hypertension and peak-to-peak gradient of 20 mmHg

Complex d-TGA (DORV) Female, 19 years, electively admitted for pacemaker box change

Simple d-TGA (pulmonary artery stenosis) Female, 28 years, with pulmonary artery stenoses

At age 24 years balloon angioplasty/stenting of the right pulmonary artery and balloon angioplasty of the left pulmonary artery

At age 25 years transcatheter pulmonary valve implantation for severe symptomatic pulmonary valve regurgitation

Simple d-TGA (ASD, PDA and coronary artery
anomaly)

Male, 28 years, repair of aneurysm of the neo-aortic root and mechanical neo-aortic valve replacement

Complex d-TGA (VSD, congenital AV-Block III) Male, 30 years, electively admitted for pacemaker box change and upgrade to AICD

AICD = automated implantable cardioverter defibrillator; ASD = atrial septal defect; AV = atrioventricular; d-TGA = dextro-transposition of the great arteries; DORV = double outlet
right ventricle; IART = intra-atrial re-entrant tachycardia; LVEF = left ventricular ejection fraction; PDA = patent ductus arteriosus; RVOT = right ventricular outflow track obstruc-
tion; VSD = ventricular septal defect

* at first complication during follow-up

Table 4:
Completed pregnancies.

Patient Age* Type of d-TGA Gestational age*
(weeks+days)

Birth weight (g) Delivery Obstetric complica-
tions

Offspring complica-
tions

1 21 Simple d-TGA 39+1 2,720 C-section None Small for gestational age

1 22 Simple d-TGA 38+6 2,890 C-section None Small for gestational age

2 23 Complex d-TGA (VSD) 37+3 2,500 Vaginal None Intrauterine foetal death

2 25 Complex d-TGA (VSD) 35+3 2,320 C-section Recurrent vaginal bleed-
ings and preterm labour
(26 GW)

None

3 24 Simple d-TGA 40+3 3,780 Vaginal None None

4 30 Complex d-TGA (VSD) 40 2,845 Vaginal None None

4 33 Complex d-TGA (VSD) 40 2,970 Vaginal Postnatal bleeding None

5 29 Complex d-TGA (DORV) 38+4 3,070 Vaginal Pre-eclampsia, postnatal
bleeding

None

5 31 Complex d-TGA (DORV) 41 3,145 Vaginal None None

6 21 Simple d-TGA 37 2,950 C-section None None

7 28 Simple d-TGA 40+5 3,535 Vaginal None None

7 30 Simple d-TGA 41 3,475 Vaginal None None

d-TGA = dextro-transposition of the great arteries; VSD = ventricular septal defect; DORV = double outlet of right ventricle

* at delivery
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Discussion

Herein we describe a cohort of adults with prior ASO for
d-TGA by analyzing patient characteristics, occurrence of

Figure 1: Comparison of cardiovascular-related events during fol-
low-up (simple vs. complex anatomy). Differences in the incidence
of patients suffering from cardiac-related complications or having
undergone cardiac-related interventions during follow-up between
patients with simple vs. complex dextro-transposition of the great
arteries (d-TGA). The comparison was assessed by means of a
chi-square test.

cardiac events during follow-up and pregnancy outcomes.
Overall, these patients predominantly had a normal func-
tional class and presented with good cardiac function and
acceptable exercise capacity. However, two out of five pa-
tients had undergone subsequent cardiac interventions af-
ter their initial ASO during childhood, and many were left
with various types of residual lesions when entering adult-
hood (e.g. a dilated neo-aortic root was the most frequent
residual lesion). Despite the short follow-up of our study
(27 [15–46] months), 7% of the patients suffered from
cardiac-related complications or underwent cardiac-relat-
ed re-interventions. This was particularly striking in pa-
tients with complex d-TGA, where cardiac events occurred
in 18% of them. Patients with complex d-TGA had more
re-interventions related to left ventricular outflow tract le-
sions and more prosthetic valve implantations before in-
clusion, and were therefore at a higher risk for prosthetic
valve endocarditis, valvar re-interventions and re-interven-
tions for aortic coarctation. Together with infective endo-
carditis, arrhythmias were the most common cardiovascu-
lar complications. Interestingly, even though the combined
primary outcome was significantly more frequent among
patients with complex d-TGA, no significant differences
regarding event-free follow-up were observed. However,
there was a trend towards better event-free survival at 48
months among patients with simple d-TGA. Therefore,
the lack of statistical significance in the survival analysis
might have just been due to the overall low number of out-
comes.

Both cases of infective endocarditis occurred in patients
with a prosthetic valve, highlighting the high-risk situation
of young patients with replaced heart valves. This is es-

Figure 2: Survival analysis for the occurrence of the combined primary outcome in patients with simple d-TGA vs. complex d-TGA. Survival
analysis for the occurrence of the combined primary outcome in patients with simple d-TGA vs. complex d-TGA at 48 months. The statistical
significance of the difference between groups was assessed by means of a log-rank test.
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pecially true after transcatheter pulmonary valve implan-
tation (as was the case in one of our patients), where
annualized incidence rates for infective endocarditis vary
between 1.3% and 9.1% per patient-year [20].

One of the expected advantages of ASO over the aban-
doned atrial switch operation (Senning or Mustard proce-
dure) is the reduction in the incidence of supraventricu-
lar arrhythmia in long-term follow-up, and in particular a
lower incidence of scar-related/incisional intra-atrial re-en-
trant tachycardia. Surprisingly, despite the young median
age of the patients in our cohort, recurrent supraventricu-
lar tachycardia requiring transcatheter ablation procedures
were observed in two patients during follow-up. As studies
have shown that the incidence rates of atrial tachycardias
increase with ageing in all patients with repaired congen-
ital heart disease, our observation shows the necessity of
careful assessment of potential risk factors for (atrial) ar-
rhythmias in adults after ASO, with the aim of reducing the
occurrence of this cumbersome complication in the future
[21].

In contrast to patients with complex d-TGA, those with
simple d-TGA seem to have a lower risk of developing car-
diac-related complications during early adulthood (only 1
out of 99 patients in our cohort). However, for the follow-
ing reasons, careful long-term observation of this novel pa-
tient cohort is warranted:

a) Recent studies have shown persistent neo-aortic growth
beyond childhood, with no stabilization becoming appar-
ent over time. The growth of the neo-aortic root was as-
sociated with an increase in aortic regurgitation [15, 16].
Even though aortic dissection is not frequently seen among
young patients after ASO, it is unclear how this progres-
sive aortic dilatation will affect the risk of future aortic dis-
sections among these patients later in life. In our study with
a short follow-up duration, a trend of increasing neo-aortic
root dimensions was observed, albeit it was not statistical-
ly significant (p = 0.07). More than half of the patients in
our cohort had at least some degree of neo-aortic regurgi-
tation which may progress over time. Furthermore, in one
patient (male, 28 years), repair of an aneurysm of the neo-
aortic root and mechanical neo-aortic valve replacement
were performed during follow-up (table 2).

b) Balloon dilatation/stenting for the treatment of pul-
monary branch stenosis is the most frequent intervention
after ASO, both in children and in adults [14, 22, 23]. Stud-
ies on the impact of branch pulmonary artery stenosis on
mid-term right ventricular function and exercise capacity
in children and young adults have yielded contradictory
results. Some data suggest better exercise capacity in pa-
tients with simple d-TGA and in patients without the need
for any re-operation after the initial ASO compared to pa-
tients with complex d-TGA and to those who required re-
interventions within the RVOT [5]. In our cohort, there
were no differences in the prevalence of residual branch
pulmonary artery stenoses between simple and complex d-
TGA. In addition, there was no difference regarding pri-
or interventions related to the RVOT at inclusion in the
adult cohort. During follow-up, interventions for branch
pulmonary stenoses were observed in patients with simple
and complex d-TGA.

c) A major concern among patients after ASO is the fate
of the re-implanted coronary arteries. Reduced coronary

blood flow reserve and impaired coronary blood flow un-
der stress have been observed in children after ASO [24]
.Moreover, intracoronary ultrasound assessment within
this population has revealed proximal eccentric intimal
thickening in most of the vessels, suggesting early ath-
erosclerosis in the re-implanted coronary arteries [25]. In
adults after ASO, only partial sympathetic re-innervation
of the coronary arteries was observed. This leads to im-
pairment of the maximal dilator capacity of the coronary
microvasculature [12]. In light of these pathophysiological
changes after ASO, there remains a concern about prema-
ture coronary atherosclerosis and consecutive myocardial
ischaemia. In line with previous studies, no coronary or
cerebrovascular events occurred during follow-up in our
study. Again, this might be related to the young age of our
cohort and the short follow-up time.

Although functional status remained unchanged in short-
term follow-up within our cohort, the increase in QRS du-
ration was rather unexpected. This was observed in both
complex and simple d-TGA patients. Information related
to branch bundle block was not collected. Therefore, this
factor cannot be taken into account when considering the
analysis of QRS duration and its progression over time.
The long-term relevance of this finding needs to be further
investigated.

Reassuringly, pregnancy outcomes were favourable, as no
maternal cardiac-related complications and only minor off-
spring problems (small for gestational age) were observed.
The only foetal death was not associated with the congeni-
tal heart lesion of the mother. These results are in line with
the previous observations [26].

Outlook: lifelong management of patients after ASO

As survival of newborns with d-TGA is excellent in the
current era, with a survival rate of 97% into adulthood
[5-7], consideration of ‘long-term’ outcomes must encom-
pass lifelong management [27]. In this scenario, preventive
measures, such as prophylaxis of infective endocarditis
among patients with prosthetic valves, are crucial. Antici-
patory care with regular discussions about healthy lifestyle
(normal body weight, regular physical activity, no smok-
ing, moderation in alcohol consumption and healthy diet)
should be implemented to reduce the risk of premature
atherosclerosis and myocardial infarction later in life. Pe-
riodic testing for measurable cardiovascular risk factors
(cholesterol, diabetes) should be considered. Determining
whether regular screening for coronary ischaemia in
asymptomatic adults late after ASO is necessary or not re-
quires further studies. It is not (yet) recommended in the
current guidelines [28, 29]. Finally, the progression of the
neo-aortic root diameter, the severity of aortic valve regur-
gitation and the extent of pulmonary branch stenosis need
to be regularly assessed by means of cardiac imaging.

Because the long-term impact of residual lesions in adults
after ASO on cardiac outcomes is still unknown, larger
studies with longer follow-up periods (decades) are urgent-
ly needed. The ongoing prospective, international, multi-
centre EPOCH-ASO study is expected to fill some of these
gaps [30].
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Limitations

No core laboratory for cardiac imaging interpretation was
available and interobserver variability may have been par-
ticularly relevant for the measurements of the dimensions
of the aorta. However, this mirrors real-life clinical prac-
tice and should therefore not be considered a major lim-
itation. Moreover, we analyzed only patients included in
the SACHER registry. Although in Switzerland transition
processes from paediatric to adult care are well organized,
the possibility of patients being lost to follow-up during
this process is still an issue. In addition, patients who died
before their inclusion in the registry are not represented.
However, because all Swiss tertiary care centres which
specialize in the management of ACHD patients were in-
cluded in the registry, our ASO cohort can be considered
representative. Furthermore, the short follow-up duration
does not reflect the magnitude of the clinical problem, par-
ticularly as some cardiac-related complications are expect-
ed to occur as this ASO cohort ages. Moreover, differences
in follow-up duration between patients with simple and
complex d-TGA might have had an impact on our results.
Also, as mentioned before, information related to branch
bundle block was not collected. Therefore, this factor can-
not be taken into account when considering the analysis of
QRS duration and its progression over time. Furthermore,
because of our short follow-up, the retrospective nature of
our analysis and the limitations related to these aspects we
are not able to change any already existing recommenda-
tions for the management of these patients [31-33]. Finally,
the rare occurrence of complications makes it difficult to
infer the true risk to these patients, as some complications
(e.g. the supra ventricular tachycardia seen in two patients)
after ASO may be just a random occurrence.

Conclusion

The majority of adult patients with previous ASO have
normal functional class and cardiac function. However,
residual lesions present among many of them determine
the occurrence of a variety of cardiac-related complica-
tions (such as infective endocarditis and supraventricular
arrhythmia) and re-interventions during follow-up. This is
especially true for patients with complex d-TGA. Preg-
nancy seems to be well tolerated and the offspring were
healthy overall. The role of QRS duration, its progression
over time, the presence of a hypoplastic arch and residual
coarctation, residual branch pulmonary artery stenoses,
and the progression of neo-aortic dilatation and neo-aortic
regurgitation need to be further investigated in larger co-
horts with longer follow-up durations. Adults with prior
ASO need lifelong specialized follow-up and meticulous
anticipatory care.
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Appendix Figure S1: Flow chart. Out of a total of 4,686 patients included in
SACHER, 344 (7%) had d-TGA, of whom 195 (57%) were operat-
ed on with an atrial switch and have been excluded from the analy-
sis. All patients with d-TGA who were operated with an ASO have
been included in the analysis (no exclusion criteria).

Table S1:
Number of previous cardiac-related complications and interventions until baseline.

Cases (%) Age

Heart failure 2 (1) 3 and 4 days

Stroke 7 (5) 14 (4–621) days

Infective endocarditis 2 (1) 9 and 19 years

Supraventricular tachycardia 2 (1) 5 days and 18 years

Atrial fibrillation 1 (1) 24 years

Ventricular tachycardia 3 (2) 5 days; and 10 and 25 years

Atrioventricular block >2° 5 (3) 8 and 23 days; 3 and 10 months; and 10 years

Myocardial infarction* 6 (4) 4, 5 and 7 days; and 13 and 17 years

Atrial flutter 3 (2) 15 years (all 3)

Arterial hypertension 1 (1) 8 years

Eisenmenger syndrome 1 (1) 2 years

Other** 2 (1) –

* Date of myocardial infarction unknown for 1 patient

** One patient underwent cardiopulmonary resuscitation for sudden cardiac death and another patient had two episodes of ventricular fibrillation
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Table S2:
Functional and cardiovascular status over time.

Baseline Follow-up p

Cardiovascular status

– Office systolic BP (mmHg) (n = 114) 126±17 127±13 1

– Office diastolic BP(mmHg) (n = 114) 71±10 71±10 0.9

– BMI (kg/m2) (n = 118) 23±4 24±4 <0.001

– VO2 max. (% of predicted ) (n = 35) 77±17 80±18 0.1

– NYHA class (>I) (n = 117) 8 7 1

Medication (n = 118)

– Antihypertensive 12 (8.3) 17 (14.7) –

– Anticoagulant 4 (2.8) 4 (3.4) –

– None 95 (65.5) 73 (62.9) –

Laboratory

– NT-pro BNP (ng/L) (n = 38) 63 (37-121) 73 (47-165) 0.2

– LDL (mmol/L)* 1.9±0.6 –

– HBA1c (%)* 5.4 (4.7-5.3) –

ECG

– QRS duration (ms) (n = 113)** 106±22 110±25 <0.001

– Sinus rhythm (yes) (n = 118) 117 (99) 117 (99) 1

Echocardiography

– LVEF (%) (n = 92) 59±8 58±7 0.8

– LVEDD (mm) (n = 107) 49±6 49±6 0.6

– LVESD (mm) (n = 66) 33±6 32±7 0.04

– Ventricular wall motion abnormality (n = 85) 10 (12) 15 (18) 0.06

Aortic regurgitation (n = 118)

– mild to moderate 77 (52) 72 (48) –

– severe 3 (2) 3 (2) –

Aortic sinus diameter (mm) (n = 73) 38±5 39±5 0.07

Ascending aorta diameter (mm) (n = 49) 32± 6 31±7 0.3

RVEF (%) (n = 26) 54±6 55±7 0.5

Data are mean ± standard deviation, median (interquartile range) or number (percentage). BMI = body mass index; BP = blood pressure; LDL = low density lipoprotein; LVEDD
= left ventricular end-diastolic diameter; LVEF = left ventricular ejection fraction; LVESD = left ventricular end-systolic diameter; VO2 = myocardial oxygen consumption; NYHA,
New York Heart Association; NT-pro BNP, N-terminal fraction of pro-B-type natriuretic peptide

* Data from baseline and last follow-up was analysed together
** One patient with an AICD-CRT and three patients with a Pacemaker were excluded from the analysis
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