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Abstract

Background: Adults with systemic right ventricle have a significant risk for long-term
complications such as arrhythmias or heart failure. Methods: A nationwide retrospective study
based on the German National Register for Congenital Heart Disease was performed. Patients
with transposition of the great arteries after atrial switch operation or congenitally corrected
TGA were included. Results: Two hundred and eight-five patients with transposition of the
great arteries after atrial switch operation and 95 patients with congenitally corrected transpo-
sition of the great arteries were included (mean age 33 years). Systolic function of the systemic
ventricle was moderately or severely reduced in 25.5 % after atrial switch operation and in 35.1%
in patients with congenitally corrected transposition. Regurgitation of the systemic
atrioventricular valve was present in 39.5% and 43.2% of the cases, respectively. A significant
percentage of patients also had a history for supraventricular or ventricular arrhythmias.
However, polypharmacy of cardiovascular drugs was rare (4.5%) and 38.5 % of the patients
did not take any cardiovascular medication. The amount of cardiovascular drugs taken was
associated with NYHA class as well as systemic right ventricular dysfunction. Patients with con-
genitally corrected transposition were more likely to receive pharmacological treatment than
patients after atrial switch operation. Conclusion: A significant portion of patients with systemic
right ventricle suffer from a relevant systemic ventricular dysfunction, systemic atrioventricular
valve regurgitation, and arrhythmias. Despite this, medication for heart failure treatment is not
universally used in this cohort. This emphasises the need for randomised trials in patient with
systemic right ventricle.

The development of the atrial switch operation technique in the 1960s allowed patients with
transposition of the great arteries to reach adulthood. The underlying principle of the atrial
switch operation is the redirection of the blood flow on the atrial level leaving the right ventricle
as systemic and the left ventricle as subpulmonary ventricle. Long-term survival rates after this
procedure have been reported to be approximately 79% after 30 years.!

However, the morphological, geometrical and contractile properties of the left and right ven-
tricle are highly different. The right ventricle is only poorly suited to work as high-pressure
chamber, predisposing the patients to early heart failure and secondary regurgitation of the sys-
temic atrioventricular valve, that is, the morphologic tricuspid valve.” Dysfunction of the sys-
temic ventricle as well as late sequelae of the atrial septectomy and baffle creation lead to an
increased burden of arrhythmias. The triad of systemic ventricular dysfunction, severe systemic
atrioventricular valve (tricuspid valve) regurgitation, and atrial tachyarrhythmia has been asso-
ciated with ventricular arrhythmia and sudden cardiac death.>*

A similar phenomenon of early systolic heart failure development is noted in patients with
combined atrioventricular and ventriculo-arterial discordance, that is, congenitally corrected
transposition of the great arteries, in which the morphological right ventricle has to operate
as systemic ventricle as well.> Two-thirds of the patients with congenitally corrected transpo-
sition of the great arteries initially present as adult with signs of systemic ventricular failure, 17%
of those older than 60 years.®
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Despite the differences in anatomy and clinical history, the
patients with transposition of the great arteries after atrial switch
and those with congenitally corrected transposition of the great
arteries share a common final path predominantly shaped by
the failing systemic right ventricle. However, in contrast to patients
with left ventricular heart failure, there is no guideline-directed
medical therapy with a proven effect on morbidity or mortality
in systemic right ventricular dysfunction.

The aim of the current study was to provide a cross-sectional
analysis documenting the clinical status regarding arrhythmia bur-
den, cardiac function and presence of heart failure as well as the
treatment reality of adult patients with systemic right ventricle
in Germany.

All patients with transposition of the great arteries after atrial
switch operation and patients with congenitally corrected transpo-
sition of the great arteries were identified in the German National
Register for Congenital Heart Defects (NRCHD) database.

The NRCHD is the national repository for medical data on
patients with CHDs in Germany. With 52,582 members (as of
May 2017), the NRCHD is Europe’s largest registry for patients
with CHD and can be viewed as a basis for representative studies.”
Registration is voluntary through self-enrollment of patients
affected by CHD or their parents, which is facilitated through col-
laboration between all treating institutions and self-help groups.
The NRCHD has extensive experience in data collection via
online surveys. The established data infrastructure of the
NRCHD allows data to be stored within the framework of a spe-
cific data protection concept, which is registered with the Berlin
Official for Data Protection and Freedom of Information (no.
531.390). General approval by the ethics review board of the
Charité - Universitaitsmedizin Berlin, Germany, is available
for all research conducted within the scope of the registry.

The database already contained baseline characteristics of the
patients. The main cardiac diagnosis, all concurrent cardiac
anomalies as well as all performed cardiac interventions and
operations are recorded in a database using the International
Pediatric and Congenital Cardiac Code (IPCCC) published by
the International Society for Nomenclature of Pediatric and
Congenital Heart Disease (ISNPCHD; http://www.ipccc.net).
The database was amended with data from the most current
medical reports (ranging from 2008 to 2018, median of the used
discharge letters = 2016; 74.9% of the letters were dated between
2016 and 2018.) of the identified patients regarding functional
parameters as well as current medication. Data on the functional
NYHA class at the latest clinical presentation were extracted
from the medical notes.

If classification was noted in the letter, it was directly trans-
ferred. If the NYHA class was not specified, but exercise capacity
reported, patients were classified in the respective NYHA class
accordingly. A single person was responsible for the data analy-
sis ensuring a homogeneous analysis. If there was incomplete
information, we were unfortunately not able to assign a NYHA
class and missing data have been filed. Echocardiographic param-
eters were also manually collected from the medical reports. Due to
the nature of the study in the majority of cases, systolic ventricular
function or valvular function was only available semi-quantitatively,
meaning that no exact numbers depicting the ejection fraction were
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obtained but rather a grading in normal versus light, moderate, or
severe reduction of systolic function has been used.

In addition, the presence or absence of a left ventricular outflow
tract obstruction was predominantly available as dichotomous
variable.

Polypharmacy was defined as using five or more different
cardiovascular drugs as specified in the discharge letter according
to Mulder et al.® The following drug classes were counted: beta-
blocker, ACE-inhibitor/ARB/ARNI, MRA, diuretics, ivabradine,
digitalis, anticoagulation, platelet inhibitors, and statin.

Statistical analysis was performed using IBM SPSS statistics
version 27.

Statistical differences between dTGA and ccTGA group for
metric variables like age or body weight have been analysed using
independent t-test. Statistical differences for nominal and binary
variables like previous surgery, history of arrhythmia, or presence
of ventricular dysfunction have been analysed using Pearson’s chi-
square test. Multivariable ordinal logistic regression analyses were
performed with systemic right ventricle dysfunction as dependent
variable separately for the dTGA and ccTGA group. Variables sys-
temic right ventricle function, left ventricular function, systemic
atrioventricular valve regurgitation are ordinal parameters.
Presence of internal cardioverter defibrillator, pacemaker, left ven-
tricular outflow tract obstruction, or history of arrhythmia are
binary parameters. The variable age was the only metric parameter.
Analyses evaluating frequency of drug use were performed with
Poisson’s log-linear analysis. Due to the exploratory nature of this
observational study, no p-value adjustments were conducted.
A p-value of less than 5% was considered as statistically significant.

Statistical analysis has been approved by the statistics depart-
ment of the RWTH in individual coaching sessions.

Opverall, 285 patients with transposition of the great arteries after
atrial switch operation and 95 patients with congenitally corrected
transposition of the great arteries were included. The baseline char-
acteristics of the patients are presented in Table 1. Patients with
congenitally corrected transposition of the great arteries were sig-
nificantly older and had more often prior surgery of the pulmonary
or tricuspid valve (transposition of the great arteries after atrial
switch vs. congenitally corrected transposition of the great arteries:
age: 32.1£7.2vs.36.9 = 15.9 years, p < 0.01; pulmonary valve sur-
gery 4.2% vs. 19%, p < 0.01; tricuspid valve surgery 3.2% versus
26%, p = 0.005). In addition, patients with congenitally corrected
transposition of the great arteries were more likely to have been
provided with a pacemaker or an internal cardioverter defibrillator
(pacemaker 21.8% versus 41.1%, p = 0.0002; internal cardioverter
defibrillator 4.6% versus 13.7%, p = 0.002) compared to patients
after atrial switch. The majority of patients were in NYHA func-
tional class I or II (transposition of the great arteries after atrial
switch: NYHA I/IT 63/27%; congenitally corrected transposition
of the great arteries: 48/34%, respectively). NYHA IIT and IV symp-
toms were described in only 7% and 1% of the patients with trans-
position of the great arteries after atrial switch versus 12% and 3%
in congenitally corrected transposition of the great arteries, respec-
tively. These differences were not statistically different. Baseline
data for the atrial switch subgroups according to Mustard or
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Table 1. Baseline characteristics of all patients and the subcohort of patients with transposition of the great arteries after atrial switch operation (dTGA) or patients
with congenitally corrected transposition of the great arteries (ccTGa)

Complete All patients d-TGA cCTGA
n (%) (n=380) (n=285) (n=095) p-Value

Patient characteristics
Age (years) 380 (100) 33.29+10.27 32.1+7.2 36.9+15.9 0.005
Sex, men, n (%) 380 (100) 230 (60.5) 178 (62.5) 52 (54.7) 0.18
Body mass index, kg/m? 318 (83.7) 24.98 +4.89 252+4.8 24451 0.28
Concomitant heart defect, n (%)

VSD 380 (100) 118 (31) 67 (23.5) 51 (53.7) 3.7E-8

PFO 380 (100) 19 (5) 5 (1.7) 14 (14.7) 4.9E-7

ASD 380 (100) 42 (11) 22 (7.7) 20 (21) 0.0003

PDA 380 (100) 44 (11.6) 39 (13.7) 5 (5.3) 0.26
Previous surgery, n (%)

PA banding 380 (100) 20 (5.3) 13 (4.6) 7 (7.4) 0.29

Pulmonary valve 380 (100) 30 (7.9) 12 (4.2) 18 (18.9) 0.000004

LV outflow tract 380 (100) 33 (8.7) 23 (8.1) 10 (10.5) 0.46

Tricuspid valve 380 (100) 34 (8.9) 9 (3.2) 25 (26.3) 7.46E-12

Baffles 380 (100) 38 (10) 38 (13.3) n.a. n.a.
Previous intervention, n (%)

Baffles 380 (100) 29 (7.6) 29 (10.2) n.a. n.a

LV outflow tract 380 (100) 2 (0.5) 1(0.4) 1(1.1) 0.461

Electrophysiology 380 (100) 66 (17.4) 53 (18.6) 13 (13.7) 0.27
Clinical data

NYHA 11/111/1V 373 (98.2) 109 (29)/31(8)/7(2) 77 (27)/20 (7)/4 (1) 32(34.8)/11 (12)/3 (3.3) 0.08
Device implantation, n (%)

ICD all/sec. 380 (100) 26 (6.8) / 5 (1.3) 13 (4.6)/2 (0.7) 13 (13.7)/3 (3.2) 0.002

Pacemaker all/CRT 380 (100) 101 (26.6) /14 (3.7) 62 (21.8) / 4 (1.4) 39 (41.1) / 10 (10.5) 0.0002

Assist device 380 (100) 5 (1.3) 1(0.4) 4 (4.2) 0.004
Comorbidities, n (%)

Arterial hypertension 387 (99.5) 37 (9.7) 26 (9.1) 11 (11.6) 0.49

Diabetes mellitus 376 (98) 4(1.1) 3(1.1) 1(1.1) 1.0

Hyperlipidemia 377 (99) 7 (1.8) 4 (1.4) 3(3.2) 0.26
Electrocardiography, n (%)
History of arrhythmia, n (%) 379 (99.7) 266 (70) 190 (66.7) 76 (80) 0.05
Sick sinus syndrome 380 (100) 70 (18.4) 70 (24.6) 0 8.8E-8
AV-Block Il and above 380 (100) 60 (15.8) 21 (7.4) 39 (41.1) 6.3E-15
SVT (all) 380 (100) 152 (40) 112 (39.3) 40 (42.1) 0.63

Atrial fibrillation 380 (100) 39 (10.3) 17 (6) 22 (23.2) 0.00002

Atrial flutter 380 (100) 72 (18.9) 60 (21.1) 12 (12.6) 0.07

SVT (EAT, AVNRT, etc) 380 (100) 100 (26.2) 79 (27.7) 21 (22) 0.282
Ventricular arrhythmias 380 (100) 39 (10) 22 (7.7) 17 (17.9) 0.005
Echocardiography
SRV systolic function

> moderate impaired, n (%) 376 (98.9) 105 (27.9) 72 (25.5) 33 (35.1) 0.07

TAPSE (mm) 122 (31.6) 14.6 £3.7 14.5+3.6 (n=95) 14.7+4 (n=27) 0.84

EF (%) 55 (14.5) 424+128 454+12.9 (n=28) 39.4+12.1 (n=27) 0.08

(Continued)
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Table 1. (Continued)
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Complete All patients d-TGA ccTGA
n (%) (n=380) (n=285) (n=95) p-Value

SAVVR > moderate, n (%) 376 (98.9) 152 (40) 111 (39.5) 41 (43.2) 0.53
AR > moderate, n (%) 372 (97.9) 13 (3.4) 7 (2.5) 6 (6.5) 0.07
AS > moderate, n (%) 372 (97.9) 1(0.3) 0 1(1.0) 0.08
LV systolic function

LV > moderate impaired, n (%) 375 (98.7) 5(1.3) 2 (0.7) 3(3.2) 0.03

LV EF (%) 28 (7.4) 65.8+16 69.2+17 (n=20) 57.5+10.9 (n=8) 0.04
PAVVR > moderate, n (%) 374 (98.4) 19 (5) 12 (4.3) 7(7.4) 0.22
PR > moderate, n (%) 372 (97.9) 10 (2.6) 8 (2.9) 2(2.1) 0.71
PS > moderate, n (%) 372 (97.9) 13 (3.4) 6(2.1) 7 (7.5) 0.01
LVOTO (all) 380 (100) 91 (23.9) 68 (23.9) 23 (24.2) 0.94

Pmax (mmHg) 64 (16.8) 436+27.3 40.4+25.7 (n = 46) 51.7+30.1 (n=18) 0.17

Vmax (m/s) 86 (22.6) 227+1.19 2.28+12 (n=62) 2.25+1.3 (n=25) 0.94

Bold value represents p- value <0.5.

Senning procedure did not significantly differ and are therefore
not shown.

Basic echocardiographic findings, as reported in the analysed
discharge letters, were compared. There was no significant differ-
ence in systolic right ventricular function or systemic atrio-
ventricular valve regurgitation between patients after atrial
switch operation or congenitally corrected transposition of the
great arteries, if semiquantitative values were analysed. Systolic
function of the right ventricle was moderately or severely reduced
in 25.5% of the atrial switch patients and 35.1 % of the congeni-
tally corrected transposition of the great arteries patients, being
accompanied by a relevant regurgitation of the systemic atrio-
ventricular valve in 39.5% and 43.2% of the cases, respectively
(Table 1). Objective parameters regarding systemic right ven-
tricular systolic function were not uniformly mentioned in the
reports, hindering a more detailed analysis. In patients with
transposition of the great arteries after atrial switch operation, tri-
cuspid anular plane systolic excursion was noted in 33% and right
ventricular ejection fraction in 10%, in patients with congenitally
corrected transposition of the great arteries in 28% and 28%,
respectively. Only a very few patients did also show a reduction
in left ventricular systolic function (n=2/0.7% atrial switch
group, n=3/3.2% congenitally corrected transposition of the
great arteries, p = 0.03) (Table 1). There was no difference in pul-
monary atrioventricular valve regurgitation. There was also no differ-
ence in function of the aortic or pulmonary valve. An obstruction of
the left ventricular outflow tract was present in 23.9% of the patients
after atrial switch and 24.2% of the patients with congenitally cor-
rected transposition of the great arteries.

Ordinal logistic regression analyses have been performed to
evaluate the association of several clinical and echocardiographic
characteristics with systemic right ventricular dysfunction in both
groups (Fig 1).

Regurgitation of the systemic atrioventricular valve was asso-
ciated with systemic right ventricular dysfunction in the atrial
switch group but not in the group with congenitally corrected
transposition of the great arteries (atrial switch group OR
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1.6 (1.1-2.3), p =0.008; congenitally corrected transposition of
the great arteries OR 1.3 (0.7-2.5) p = 0.377). The calculated odds
ratio of 1.6 in the atrial switch groups reflects a 60% increase in
probability of the presence of a systemic right ventricular dys-
function with each increase in atrioventricular valve regurgitation
severity.

In contrast, there was a positive association of history of tricus-
pid valve repair with systemic right ventricular function in patients
with congenitally corrected transposition of the great arteries but
not in patients after atrial switch operation (congenitally corrected
transposition of the great arteries OR 14.9 (95% CI 4.2-60.2),
p =0.00006 versus atrial switch subgroup OR 1.2 (95% CI 0.24-
5.6) p=10.84) (Fig 1).

There was also a significant positive correlation of right ven-
tricular with left ventricular dysfunction in the TGA and ¢cTGA
group, implicating that there is a significant increase in the likeli-
hood for the presence of right ventricular dysfunction with each
grade in decline of left ventricular dysfunction. However, since left
ventricular dysfunction in this cohort in general was rare, the
impact of this finding has still to be evaluated (congenitally cor-
rected transposition of the great arteries OR 17.2 (95% CI 4.8-
80.3), p=0.00007 versus atrial switch subgroup OR 12.9 (95%
CI 3.3-68.9) p =0.0005) (Fig 1).

The presence of an Internal Cardioverter Defibrillator was sig-
nificantly associated with systemic right ventricular function in the
atrial switch group but showed only a trend in those patients with
congenitally corrected transposition of the great arteries (atrial
switch OR 7.2 (95% CI 2.15-25.6) p = 0.002; congenitally corrected
transposition of the great arteries OR 4.2 (95% CI 0.99-19.5),
p=0.055). History of arrhythmia was significantly correlated in
the atrial switch but not in the group of patients with congenitally cor-
rected transposition of the great arteries (arrhythmia: atrial switch
group OR 2.1 (95% CI 1.2-3.7) p=0.007; congenitally corrected
transposition of the great arteries OR 0.62 (0.18-2.16) p = 0.440)
(Fig 1).

The history of a left ventricular outflow tract stenosis was
inversely associated with a dysfunction of the systemic ventricle
in both groups (transposition of the great arteries after atrial
switch operation OR 0.49 (95% CI 0.26-0.87) p = 0.018; congeni-
tally corrected transposition of the great arteries OR 0.16 (95%
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CI0.03-0.69) p =0.025) (Fig 1). The calculated odds ratio of 0.49
in the atrial switch groups reflects a 51% decrease in probability of
a systemic right ventricular dysfunction if a left ventricular out-
flow tract obstruction is present, the odds ratio of 0.16 in those
patients with congenitally corrected transposition of the great
arteries a 84% reduction in probability, respectively.

In 62 patients after atrial switch operation and 25 patients with
congenitally corrected transposition of the great arteries, the left
ventricular outflow tract velocity was stated as objective measure
for severity of the left ventricular outflow tract obstruction (trans-
position of the great arteries after atrial switch operation 2.28 m/s
+1.15m/s; congenitally corrected transposition of the great
arteries 2.25+1.3m/s) (Table 1). Non-parametric Spearman
regression analysis showed an inverse correlation of left ventricular
outflow tract velocity and systemic ventricle systolic function in
patients after atrial switch operation (r; —0.39, p=0.002) and a
similar trend in patients with congenitally corrected transposition
of the great arteries (r; —0.39, p = 0.064).

A significant percentage of patients had a history for arrhythmia.
Most common were supraventricular tachycardia including atrial
fibrillation or atrial flutter. Atrial fibrillation was more common in
congenitally corrected transposition of the great arteries patients
(atrial fibrillation: congenitally corrected transposition of the great
arteries n = 22 (23%) versus transposition of the great arteries after
atrial switch operation n=17 (6%), p = 0.00002), whereas there
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100 OR (95% Cl) p

12,9 (3,3-68,9) p=0,0005
7,2 (2,15-25,6) p=0,002
1,6 (1,1-2,3) p=0,008
0,49 (0,26-0,87) p=0,018
2,1 (1,2-3,7) p=0,007

1,2 (0,24-5,6) p=0,84

1,02 (0,99-1,06) p=0,220

100 OR (95%Cl) p

17,2 (4,8-80,3) p=0,00007 Figure 1. Ordinal logistic regression

analysis evaluating factors associated
with systemic right ventricle dysfunc-
tion in transposition of the great
arteries after atrial switch operation
(A-dTGA) or congenitally corrected
transposition of the great arteries (B-
ccTGA) patients. Abbreviation: Cl = con-
fidence interval; ICD = internal cardi-
overter defibrillator; LV fnct = left
ventricular function; LVOTO = left ven-
tricular outflow tract obstruction; OR
= odds ratio; sRV = systemic right ven-
tricle; SAVVR = systemic atrioventricular
valve regurgitation.

4,2 (0,99-19,5) p=0,055
1,3(0,7-2,5) p=0,377

0,16 (0,03-0,69) p=0,025
0,62 (0,18-2,16) p=0,440
14,9 (4,2-60,2) p=0,00006

1,07 (1,03-1,11) p=0,001

was no significant difference in the occurrence of other supraven-
tricular tachycardia (Table 1).

Analyzing the subgroups of the transposition of the great
arteries after atrial switch operation group after Mustard or
Senning procedure, a significant increase in prevalence of arrhyth-
mia was detected in the Mustard group regarding atrial flutter,
supraventricular tachycardias other than atrial fibrillation or atrial
flutter as well as ventricular tachycardia (Mustard versus Senning:
atrial flutter n=37 (30.1%) versus n=23 (14.2%), p=0.001;
supraventricular tachycardias (other) n = 44 (35.8%) versus n = 35
21.6)%), p = 0.008; ventricular tachycardias n =15 (12.2%) versus
n=7 (4.3%), p=0.014) (Table 1 supplement).

Ventricular arrhythmias were rare in the whole group (congeni-
tally corrected transposition of the great arteries and transposition
of the great arteries after atrial switch operation) compared to
supraventricular arrhythmias. If so, ventricular arrhythmias were
more often described in patients with congenitally corrected trans-
position of the great arteries than patients after atrial switch
(patients after atrial switch operation n=22 (7.7%) versus con-
genitally corrected transposition of the great arteries n=17
(17.9%), p = 0.005; Table 1). In the subgroup of patients after atrial
switch operation, a higher prevalence of ventricular tachycardia
was noted in the Mustard compared to the Senning type operation
(Mustard n =15 (12.2%) versus Senning n=7 (4.3%), p =0.014)
(Table 2).

Conduction disorders in terms of higher-grade atrioventricular
blocks were significantly more common in patients with congeni-
tally corrected transposition of the great arteries than patients after
atrial switch operation (congenitally corrected transposition of
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Table 2. Prevalence of arrhythmia burden after Senning or Mustard operation for transposition of the great arteries

Mustard (N =123) Senning (N = 162) p

History of arrhythmia, n (%) 83 (67.5%) 107 (66%) 0.68

Sick sinus syndrome 25 (20.3%) 45 (27.8%) 0.15

AV-Block Il and above 14 (11.4%) 7 (4.3%) 0.03
SVT (all) 62 (50.4%) 50 (30.9%) 0.001

Atrial fibrillation 11 (8.9%) 6 (3.7%) 0.06
Atrial flutter 37 (30.1%) 23 (14.2%) 0.001
SVT (EAT, AVNRT, etc) 44 (35.8%) 35 (21.6%) 0.008
Ventricular arrhythmias 15 (12.2%) 7 (4.3%) 0.014
ICD all/sec. 7 (5.5%)/0 6 (3.7%)/2 (1.2%) 0.426
Pacemaker all/CRT 31 (25.2%)/2 (1.6%) 31 (19%)/2 (1.2%) 0.219

Bold value represents p- value <0.5.

the great arteries 41.1%, transposition of the great arteries after
atrial switch operation 7.4%, p < 0.0001), whereas sick sinus syn-
drome was more common in patients after atrial switch operation
(congenitally corrected transposition of the great arteries 0%,
transposition of the great arteries after atrial switch operation
24.6%, p < 0.001) (Table 1).

The use of cardiovascular medication was common in patients
with systemic right ventricle. Fifty-six per cent of the patients of
the whole cohort had at least one cardiovascular drug. Beta-block-
ers (67.6%), angiotensin-converting enzyme inhibitors (46.7%),
and diuretics (46.7%) were mainly prescribed followed by miner-
alocorticoid receptor antagonists (37.1%) or anticoagulation
(40%). None of the patients received a SGLT2 inhibitor like dapa-
gliflozin. Polypharmacy, that is, prescription of five or more drugs,
was rare and only documented in 4.5% of the whole systemic right
ventricle cohort. In patients with relevant (moderate or severe)
right ventricular dysfunction, polypharmacy was detected in
30% of the patients. However, 14% of all patients did not take
any cardiovascular medication at all despite right ventricular dys-
function. Further analysis showed that pharmacologic therapy
with beta-blocker, angiotensin-converting enzyme inhibitors, diu-
retics, anticoagulation, and statins was significantly less often pre-
scribed in patients after atrial switch compared to patients with
congenitally corrected transposition of the great arteries despite
a similar prevalence of right ventricular dysfunction (Table 3).
Combination therapy consisting of beta-blockers and angioten-
sin-converting enzyme inhibitors/angiotensin receptor blocker
was prescribed only in 15.3% of the patients after atrial switch
operation compared to 33.3% in the group with congenitally cor-
rected transposition of the great arteries. A triple therapy adding a
mineralocorticoid receptor antagonists was used in 19.4% of the
patients after atrial switch versus 42.4% of the congenitally cor-
rected transposition of the great arteries patients, although impli-
cating a clinically importance these differences however did not
reach a statistical significance.

We further aimed in analysing factors associated with pharmaco-
logical cardiovascular therapy in all patients with systemic right
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ventricle. Polypharmacy, defined as taking more than five cardio-
vascular drugs, was noted in 39 patients with an age of 42 + 14
years. Those who received a greater amount of cardiovascular
drugs were predominantly male (72%). Systemic right ventricular
function was reduced in 80% and 92% had a history of arrhythmia.
A pacemaker was present in 64% and an internal cardioverter
defibrillator in 31%. Tricuspid valve repair had been performed
in 39% and 10% had an arterial hypertension. Poisson loglinear
regression analysis revealed several clinical factors associated with
the amount of cardiovascular drugs used. Strongest associations
were detected with a history of arrhythmia, functional NYHA class
as well as systemic right ventricular function (arrhythmia inci-
dence rate ratio (IRR) 1.77, 95%CI 1.36-2.34, p < 0.0001; NYHA
class IRR 1.35, 95%CI 1.21-1.50, p < 0.0001, systemic right ven-
tricle function IRR 1.25, 95%CI 1.14-1.36, p < 0.0001). The inci-
dence rate ratio showed that patients in NYHA class III take
1.35 times more cardiovascular drugs than patients in NYHA class
II and patients with moderate reduction in right ventricular func-
tion are prescribed 1.25 times more cardiovascular drugs than
patients with mild right ventricular dysfunction. Patients with pre-
vious tricuspid valve repair or pacemaker implantation also had a
higher likelihood for a larger quantity of drugs used (tricuspid
valve repair IRR 1.61, 95%CI 1.26-2.05, p < 0.0001; pacemaker
IRR 1.52 95%CI 1.28-1.82, p <0.0001). Co-morbidities like
arterial hypertension and the respective age showed a positive
association with the amount of drugs used (arterial hypertension
IRR 1.44, 95%CI 1.12-1.83, p=0.004; age IRR 1.01 95%CI
1.01-1.02, p =0.001) (Fig 2).

Based on the database of the National Register for Congenital
Heart Disease, we were able to report on a cohort of 380 adult
patients with a systemic right ventricle with regards to their
long-term outcome.

In the literature, the percentage of patients with systemic right ven-
tricular dysfunction ranges from 60% in patients after Mustard
operation (n = 91, mean age 35.8 years’) to 46% in a Dutch cohort
(n =76, 30 years post-operative!’) and 26% in an Australian group
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Table 3. Use of cardiovascular medication in patients with transposition of the great arteries after atrial switch operation (dTGA) or congenitally corrected TGA

(ccTGA) with and without systolic dysfunction of the systemic ventricle

All patients d-TGA cCTGA
All patients sRV dysfunction sRV dysfunction sRV dysfunction p-Value
n (%) n (%) n (%) n (%) (dTGA versus ccTGA)
Medication
Beta-blocker 153 (40.3) 71 (67.6) 42 (58.3) 29 (87.9) 0.001
ARNI 3(0.8) 3(2.9) 3(4.2) 0
ACE-inhibitor 102 (26.6) 49 (46.7) 28 (38.9) 21 (63.6) 0.014
ARB 24 (6.3) 13 (12.4) 6 (8.3) 7(21.2) 0.142
MRA 56 (14.8) 39 (37.1) 22 (31.5) 17 (51.5) 0.092
Diuretic 79 (20.8) 49 (46.7) 29 (40.3) 20 (60.6) 0.042
Antiarrhythmic 32 (8.4) 19 (18.1) 15 (20.8) 4 (12.1) 0.296
Digitalis 37 (9.7) 15 (14.3) 10 (13.9) 9 (27.3) 0.089
Ivabradin 1(0.3) 1(1.4) 1(1.4) 0
Anti-platelet 37 (9.7) 15 (14.3) 13 (18.1) 2 (6.2) 0.108
Anticoagulant 76 (20) 42 (40) 22 (30.6) 20 (60.6) 0.003
Statin 9 (2.4) 7 (6.7) 1(1.4) 6 (18.2) 0.001
PAH meds 6 (1.6) 2 (1.9) 1(1.4) 1(3.2) 0.559
Heart failure combination
BB-+ACE/ARB/ARNI 48 (12.6) 22 (21) 11 (15.3) 11 (33.3)
BB-+ACE/ARB/ARNI +MRA 36 (9.5) 28 (26.7) 14 (19.4) 14 (42.4)
Polypharmacy (>5 CV drugs) 39 (10.5) 31 (30.1) 15 (21.1) 16 (50)
No CV drugs 162 (43.8) 14 (13.6) 14 (19.7) 0
Bold value represents p- value <0.5.
0,1 1 10 IRR (95%Cl) p
NYHA . 1,35 (1,21-1,50) p=4,9E-008
SRV fctn . 1,25 (1,14-1,36) p=1,4E-006
arrhythmia —— 1,77 (1,36-2,34) p=3,0E-005
tricuspid valve op r 1 1,61 (1,26-2,05) p=1,3E-004
pacemaker o 1,52 (1,28-1,82) p=3,5E-006
aHT e 1,44 (1,12-1,83) p=0,004
SAVVR @ 1,08 (0,98-1,19) p=0,129
TGA vs ccTGA . 0,99 (0,81-1,21) p=0,927
age ® 1,01 (1,01-1,02) p=0,001

Figure 2. Poisson loglinear analysis evaluating factors associated with polypharmacy in all patients. Abbreviation: aHT = arterial hypertension; Cl = confidence interval; IRR =
incidence rate ratio; SAVVR = systemic atrioventricular valve regurgitation; sRV fnct = systemic right ventricular function.

(n=83, mean age 35+ 5 years'!). Deterioration of systolic right
ventricular function correlating with age has also been shown in
patients with congenitally corrected transposition of the great
arteries. By the age of 45 years, two-third of the patients with
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complex congenitally corrected transposition of the great arteries
and 25% of the patients with simple congenitally corrected trans-
position of the great arteries experience a relevant dysfunction of
the systemic ventricle.”
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In our cohort of 285 patients with atrial switch operation and 95
patients with congenitally corrected transposition of the great
arteries, systolic function of the systemic right ventricle was at least
moderately reduced in approximately one-third of the patients in
their third life decade. Of the whole cohort, 40% presented with
moderate or severe regurgitation of the systemic atrioventricular
valve. There was no significant difference in systemic right ven-
tricle dysfunction or systemic atrioventricular valve regurgitation
between patients after atrial switch operation and patients with
congenitally corrected transposition of the great arteries despite
the older age of the congenitally corrected transposition of the
great arteries patients and the supposedly more complex disease
in this subgroup reflected by a higher percentage of associated
defects and history of previous surgery.

Logistic regression analysis revealed a significant positive asso-
ciation of systemic atrioventricular valve regurgitation and history
of arrhythmia with systemic right ventricle dysfunction in patients
with transposition of the great arteries after atrial switch operation.
This supports the previously postulated vicious cycle of failing right
ventricular function, secondary systemic atrioventricular valve regur-
gitation, increased atrial pressure predisposing for supraventricular
tachycardia. The myocardial oxygen supply/demand mismatch in
the setting of supraventricular tachycardia might trigger ventricular
arrhythmia and expose the patient at risk for sudden cardiac death.'?
The positive association of the presence of an internal cardioverter
defibrillator with right ventricular dysfunction - as seen in our cohort
in patients with transposition of the great arteries after atrial switch
operation — does point into the direction of a high awareness for
the existent sudden cardiac death risk.

In patients with congenitally corrected transposition, there was
a positive association of systemic right ventricular dysfunction
with older age and a history of tricuspid, that is, systemic atrio-
ventricular valve repair but not with systemic atrioventricular valve
regurgitation itself, reflecting a more advanced stage, that already
necessitated a valve intervention in the past.

Furthermore, our analysis revealed an inverse correlation of left
ventricular outflow tract obstruction with systemic right ventricu-
lar function in patients with atrial switch operation as well as in
patients with congenitally corrected transposition of the great
arteries, suggesting a positive effect of the left ventricular outflow
tract obstruction on cardiac haemodynamics and thereby a protec-
tive effect on right ventricular systolic function on the long term.

A small study in patients with congenitally corrected transpo-
sition of the great arteries did report a reduction in tricuspid regur-
gitation after pulmonary artery banding due to an increase in left
ventricular pressure and a concomitant septal shift that ameliorates
right ventricular geometry.> Budts and colleagues were able to
show that the presence of a left ventricular outflow tract obstruc-
tion (n =24 with versus n =38 without left ventricular outflow
tract obstruction) was associated with an improved outcome in
terms of progression-free survival for congestive heart failure,
cardiovascular mortality, or heart transplantation.!* A recent
report translated this to patients with transposition of the great
arteries and systemic right ventricle. The study evaluated systolic
function with cardiac MRI in 12 patients after atrial switch and 1
patient with congenitally corrected transposition of the great
arteries and left ventricular outflow tract obstruction in compari-
son to patients with the same underlying anatomy without left ven-
tricular outflow tract obstruction. Patients with left ventricular
outflow tract obstruction had a significantly higher left and right
ventricular ejection fraction than those without. However, this
did not correlate to a higher exercise capacity.'”
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Our cohort included 68 patients in the atrial switch group and
23 patients in the subgroup with congenitally corrected transposi-
tion of the great arteries and presence of a left ventricular outflow
tract obstruction. Patients with left ventricular outflow tract
obstruction had a 51% and 84% less likelihood for a dysfunction
of the systemic right ventricle in patients after atrial switch oper-
ation and patients with congenitally corrected transposition of the
great arteries, respectively. These findings might strengthen the
hypothesis that an increase in left ventricular pressure ameliorates
right ventricular function over the long term. Further studies are
needed to clarify a causal relationship between left ventricular out-
flow tract obstruction and right ventricular dysfunction.

As identified previously. a significant number of patients with
congenitally corrected transposition of the great arteries and trans-
position of the great arteries after atrial switch operation had a
history of arrhythmia. Supraventricular tachycardia were more
prevalent than ventricular tachycardia in both groups. Atrial
re-entry tachycardia like atrial flutter were more common in the
subgroup of patients after Mustard than after Senning operation,
as described in previous studies.!® Ventricular tachycardia
occurred in 18% of the patients with congenitally corrected trans-
position of the great arteries hence significantly more often than in
patients with transposition of the great arteries after atrial switch
operation. Kapa and colleagues did report the occurrence of sus-
tained ventricular tachycardia requiring defibrillation or cardiac
arrest in 23% of patients with congenitally corrected transposition
of the great arteries and right ventricular ejection fraction <35%
during a follow-up of 7.2 + 3.4 years.!” Due to the cross-sectional
design of our study, we are not able to evaluate the impact of the
arrhythmia burden on cardiovascular outcome. However, it is
important to note that in our cohort - in contrast to patient after
atrial switch operation - there was no association of right ventricu-
lar dysfunction with arrhythmia in patients with congenitally cor-
rected transposition of the great arteries implicating a different
pathophysiological background.

Up to the current date, the effects of specific pharmacological heart
failure therapy in the failing systemic right ventricle is still unclear.

The angiotensin receptor blocker Valsartan reduced cardio-
vascular event rate in a randomised multi-center trial in 88 patients
with systemic right ventricle (arrhythmias, worsening of heart fail-
ure or tricuspid valve surgery).!® Guideline-directed medical heart
failure therapy stabilised heart failure symptoms over the follow-
up of 10.3 years in patients with systemic right ventricle according
to an analysis of the Swedish National Registry on Congenital
Heart Disease, without a change in mortality.!

A recent meta-analysis concluded that due to the small sample
size of the available studies and the lack of a randomised design at
present, there is no conclusive evidence for the effectiveness of a medi-
cal therapy with beta-blocker, angiotensin-converting enzyme inhib-
itors, angiotensin receptor blocker or aldosterone antagonists in
systemic right ventricular dysfunction in adults.2’ There is also no for-
mal recommendation for use of heart failure medication in the current
guidelines of the European Society of Cardiology.*! In symptomatic
patients, however validated strategies from patients with left ventricu-
lar heart failure are still transferred.

We are able to show that despite the presence of a relevant right
ventricular dysfunction, only 34% of the patients after atrial switch
operation received combination heart failure therapy and 19% no
drug therapy at all. In contrast, about twice as many patients with
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congenitally corrected transposition of the great arteries had a
combination heart failure drug therapy prescribed. Prevalence of
right ventricular failure and systemic atrioventricular valve regur-
gitation was similar in patients with transposition of the great
arteries after atrial switch operation and patients with congenitally
corrected transposition of the great arteries, despite an older age
and more complex disease in the group with congenitally corrected
transposition of the great arteries, indirectly suggesting a protective
effect of the pharmacological heart failure therapy.
Polypharmacy, that is, prescription of more than five drugs has
been correlated with increased mortality in adult CHD survivors in
general® Polypharmacy though was rare in our study cohort,
applying to only 4.5% of the overall group and 14.4% of those with
systemic right ventricle dysfunction underlining the fact that care-
takers are very restrictive regarding the prescription of cardio-
vascular drugs in patients with congenital systemic right ventricle.

The data are retrospectively collected from a large database.
Clinical and functional parameters had to be extracted from writ-
ten medical reports, and no original data like echocardiographies
were available. Therefore, for the echocardiographic classification
of the systolic function and the severity of valve disease, we had to
rely on semiquantitative grading and interpretation as specified in
the respective report. We were also not able to grade the severity of
the left ventricular outflow tract obstruction ourselves which was
therefore included as dichotomous trait.

Participation in medical registers is voluntary in Germany.
Therefore, we are not able to rule out a selection bias and were only
able to evaluate the outcome in a subset of adults with systemic
right ventricle. Even though the stately number of participants
in our study can be considered representative, results should be
classified as hypothesis generating.

The cross-sectional analysis of 380 adult patients with systemic
right ventricle confirms the high prevalence of systemic right ven-
tricular fajlure, systemic atrioventricular valve regurgitation as well
as arrhythmias. The presence of a left ventricular outflow tract
obstruction emerged as a potentially protective factor in regard
to systemic right ventricular function. Pharmacological heart fail-
ure therapy is not universally used in failing systemic right ven-
tricle and polypharmacy is rare. Cardiovascular drugs were
more often prescribed in patients with congenitally corrected
transposition of the great arteries than transposition of the great
arteries after atrial switch operation. In contrast, systemic right
ventricular dysfunction was similar in both groups, despite a more
complex disease in congenitally corrected transposition of the great
arteries patients, indirectly supporting a positive impact of phar-
macological heart failure treatment.
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