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ABSTRACT

Sudden cardiac death and heart failure are well known long-term complications after atrial switch for D-trans-
position of the great arteries (D-TGA). Right systemic ventricular dysfunction is common and myocardial ische-
mia has been implicated as a putative mechanism for sudden death, with coronary anomalies prevalent in 30% of
cases. We sought to assess an association between adverse events and coronary anomalies in patients with D-TGA
and atrial switch surgery. An observational study was conducted in 3 tertiary centers (Montreal Heart Institute,
Canada, Nationwide Children’s hospital, Chicago, USA and Hopital cardiologique Louis Pradel de Lyon, France).
Adults with D-TGA and atrial switch surgery qualified for inclusion if they had a major adverse cardiovascular
event (MACE), i.e., ventricular arrhythmia, sudden cardiac death, heart failure, cardiac transplantation, or cardi-
ovascular death. The prevalence of coronary anomalies was compared to historical controls. Forty-five patients
were included. Twenty-one (46.7%) patients experienced a ventricular arrhythmia and 35 (77.8%) suffered from
symptomatic heart failure and/or severe right ventricular dysfunction. Twelve patients (26.7%) had congenitally
abnormal coronary arteries. There was no difference in the prevalence of coronary anomalies between the cohort
with a MACE and a pooled population of 647 historical controls with D-TGA (28.7%, p = 0.89). In conclusion,
the prevalence of congenital coronary anomalies is not higher in patients with D-TGA and atrial switch surgery
who had adverse cardiovascular events. It could be hypothesized that ischemic complications in this patient popu-
lation are more likely to be related to a supply-demand mismatch of the distal microvasculature rather than prox-
imal coronary anomalies.
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1 Introduction

D-transposition of the great arteries (D-TGA) accounts for 4-7% of all congenital heart defects (CHD).
The incidence of this cyanogenic heart disease is 3 per 10 000 births [1-4]. Atrial switch repair (either the
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Mustard or Senning procedure) was the surgical technique performed from the 1960s to 1990s, until adoption
of the arterial switch procedure [5—8].

Long-term complications after atrial switch procedure include baffle obstruction, residual shunt, atrial
tachyarrhythmias, sinus node dysfunction, tricuspid regurgitation and heart failure due to dysfunction of
the systemic right ventricle [9—11]. Gelatt et al. showed in 1997 that survival rates after the Mustard
procedure were 89% at 5 years and 76% at 20 years, while in 2005 Dos et al. [12,13] reported 5.1%
mortality up at 16.7 years of follow-up. Supraventricular arrhythmias and cardiac failure were identified
as significant independent factors associated with late mortality.

D-TGA with atrial switch repair is among the CHD lesions with the highest risk of sudden cardiac death
(SCD), afflicting 2.4 to 15% of patients [14]. SCD represents the most common cause of mortality in this
population (28 to 42.8%), with an incidence of 4.5 events per 1000 patient-years. The main cause of SCD is
presumed arrhythmia (73—83%) [15,16]. Selecting appropriate candidates for primary prevention implantable
cardioverter-defibrillators (ICD) is a challenge. An expert consensus statement issued a weak recommendation
(Class 1IB) indicating that primary prevention ICDs may be considered in patients with an impaired systemic
right ventricular ejection fraction, particularly when additional risk factors are present such as ventricular
arrhythmias, unexplained syncope, New York Heart Association (NYHA) functional class II or III symptoms,
QRS duration >140 ms, or severe systemic atrioventricular (AV) valve regurgitation [17].

Several studies have highlighted myocardial perfusion anomalies by functional imaging such as
scintigraphy or photon emission computed tomography [18]. Moreover, 80% of SCDs occur during exercise
in this patient population [19,20]. In 2016, Khairy [21] proposed the myocardial ischemia hypothesis: in the
context of rapid heart rates, an impaired stroke volume response due to poor atrial transport can provoke
ischemia-related malignant ventricular arrhythmias. This impairment might be exacerbated by stress-related
sinus tachycardia or rapidly conducting atrial arrhythmias. In addition, an inefficient coronary circulation is
a likely contributing factor due to a single right coronary artery that typically irrigates a pressure-loaded
systemic right ventricle that has an increased myocardial oxygen demand and decreased perfusion pressure.
In 2018, Chaix et al. [22] confirmed subendocardial ischemic scars of the systemic right ventricle at autopsy
in patients who died suddenly and had no evidence of coronary atherosclerosis.

Coronary abnormalities are prevalent in about 30% of patients with D-TGA. In 1988, the Marie
Lannelongue classification proposed four categories: Type I, normal anatomy, found in 68%; Type II,
abnormal path, in 7.5%; Type IlI, anterior, posterior, or double loop, in 24%; and Type IV, complex
anomalies, in 0.5% [23-26]. In 2018, the modified Leiden convention described 7 types of coronary
patterns in 77 patients with D-TGA. Among these patients, 59 (76.6%) had normal coronary anatomy,
1 had an interarterial course and 4 had a single ostium [27].

It has yet to be determined whether the coronary artery pattern is associated with adverse outcomes in
patients with D-TGA and Mustard or Senning baffles. We, therefore, sought to evaluate the impact of the
native coronary distribution on long-term cardiac outcomes.

2 Material and Methods

2.1 Study Population

We conducted a retrospective study in 3 tertiary centers (Montreal Heart Institute, Canada Nationwide
Children’s hospital, Chicago, USA and Hopital cardiologique Louis Pradel de Lyon, France). In order to
calculate the prevalence of coronary anomalies in patients with D-TGA and atrial switch surgery who
experienced a major adverse cardiovascular event (MACE), adults (>18 years of age) with D-TGA and
Mustard or Senning surgery were recruited. Patients were required to have experienced at least one
MACE as defined by: ventricular arrhythmias, resuscitated or not resuscitated SCD, myocardial
infarction, heart failure (right ventricular ejection fraction (RVEF) <35% with symptoms of cardiac
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failure), cardiac transplantation, or cardiovascular related death. Patients with congenitally corrected TGA
or an arterial switch operation were excluded.

2.2 Population Characteristics

Baseline clinical data (Tab. 1) from the first follow-up visit in adulthood retrieved from medical charts
included type of intervention (Mustard or Senning), age at the time of surgery, and accompanying congenital
heart defects (e.g., presence of a pulmonary stenosis and/or a ventricular septal defect) [28]. Data were
likewise collected on pharmacological therapy, imaging metrics from echocardiography and cardiac
magnetic resonance imaging (MRI), pulmonary hypertension, arrhythmias, interventions (including
pacemakers, ICDs, and catheter ablation procedures), and MACE, as defined above. The study was
conducted in accordance with the International Council of Harmonization Tripartite Guidelines for Good
Clinical Practice and was approved by the institutional review board of each participating center.

Table 1: Population characteristics

All patients, n 45

Age (years) 44.1+/-6.5
Women, n (%) 12 (26.6)
Death, n (%) 9 (20.0)
Mustard, n (%) 41 (91.1)
Ventricular septal defect, n (%) 9 (20.0)
Pulmonary stenosis, n (%) 6 (13.3)
Age at atrial switch surgery (months) 27.2+/-37.8
Beta-blockers, n (%) 30 (66.6)
ACE inhibitor or angiotensin II receptor blockers, n (%) 25 (55.5)
Amiodarone, n (%) 7 (15.5)
Anticoagulant, n (%) 26 (57.7)
Warfarine or similar, n 21

NOAC, n 5

Cardiac imaging (TTE and C-MRI)

RV ejection fraction <35%, n (%) 28 (62.2)
RV e¢jection fraction, %* 32.6+/-10.1
LV ejection fraction, %* 50.7+/-13.5
RV end-diastolic volume, mL/m?* 157.3+/=57.8
Tricuspid regurgitation, grade I to II, n (%)’ 35(71.7)
Tricuspid regurgitation, grade III to IV, n (%)’ 8 (18.3)

ACE: Angiotensin Converting Enzyme. RV = Right Ventricle. LV = Left ventricle. NOAC = New Oral
Anticoagulant. C-MRI: Cardiac Magnetic Resonance Imaging. TTE: Trans Thoracic Ultrasound.
*: Results based on the 27 C-MRI available. ": Results based on the 45 TTE available.
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2.3 Coronary Anatomy

Electrocardiogram (ECG) gated Computed Tomography (CT) angiography was performed acquired using
a Brilliance 64 or Iquon scanners (Philips). Coronary reconstruction by MRI or coronary angiography were
used if a CT angiography was not available. Experienced senior imagers reviewed all CT/MRI studies in
both centers. The analysis included coronary dominance, i.e., the artery that vascularizes the diaphragmatic
wall and the lower part of the interventricular septum. Secondly, coronary abnormalities were described
using the Marie Lannelongue and modified Leiden Convention classification schemes. Single sinus
coronary arteries, single coronary arteries, loops and interarterial courses were reported.

2.4 Comparison

The prevalence of coronary anomalies in the combined population of patients with D-TGA and MACE
was compared to historical controls from existing published data reported in the modern era of newborns
undergoing arterial switch surgery.

2.5 Statistical Analysis

Continuous variables are summarized as mean + standard deviation or median and inter-quartile range
(IQR; 25", 75™ percentile), and categorical variables by frequency and percentage. Statistical analyses were
performed using Statview software 5.0 (SAS Institute Inc, Cary NC). Comparisons used Student’s ¢ test or
Mann—Whitney—Wilcoxon test, when appropriate, for continuous variables. For comparison of categorical
parameters, a Chi-2 test (>5 patients per group) or Fisher Exact test (<5 patients) was used. A two-tailed
p value < 0.05 was considered to indicated statistical significance.

3 Results

3.1 Baseline Characteristics

A total of 45 adults with D-TGA, atrial switch surgery, and a MACE were included: 23 patients from the
Louis Pradel Cardiovascular Hospital (51.1%), 3 from the Nationwide Children’s hospital (6.6%) and 19 patients
from the Montreal Heart Institute (42.2%). Patient baseline characteristics are summarized in (Tab. 1).

3.2 Coronary Anatomy

A coronary anomaly was present in 12 of 45 (26.6%) patients. Eleven (24.4%) had at least one
pathological coronary loop and one (2.2%) had an inter-arterial course. The coronary arterial pattern is
shown in (Tabs. 2 and 3) and (Figs. 1 and 2), according to the Marie Lannelongue and modified Leiden
classification schemes, respectively. Single sinus coronary arteries were diagnosed in 6 (13.3%) patients
and single coronary arteries in 4 (8.9%) patients. Right coronary dominance was observed in 91.1% of
the cases. The pooled comparison between the distribution of coronary anomalies in the study population
compared to published series individually and collectively (N = 647) showed no significant difference
(Tab. 4) (26.6% vs. 28.7%, p = 0.89).

Table 2: Comparison of the coronary anatomy according to Marie Lannelongue classification with the literature

Population Type I: Normal anatomy (%) Type II: Interarterial course (%) Type III: Loop(s) (%) Type IV: Complex anatomy (%)

Planché et al. [25] 120 82 (68.3) 9(7.5) 29 (24.2) 0 (0.0)
Serraf et al. [26] 432 309 (71.5) 30 (6.9) 92 (21.3) 1 (0.002)
Pooled population 552 391 (70.8) 39 (7.1) 121 (21.9) 1 (0.002)

Study cohort 45 33 (73.3) 122) 11 24.4) 0 (0.0)
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Table 3: Comparison of coronary anatomy according to modified Leiden classification with the literature

Gittenberger-de Groot Present Cohort

et al., [27]
D-TGA patients, n (%) 77 45
Normal
1LCx-2R 59 (76.6) 32 (71)
Abnormal
1L-2CxR 9(11.7) 4 (9)
1L-2Cx,R 0 (0) 1(2.2)
2LCxR 4 (5.2) 3 (6.8)
1LCxR 0 1(2.2)
2LCx,R 0 1(2.2)
1L-2R,Cx 0 1(2.2)
1L,Cx-2R 0 1(2.2)
IR,2LCx 2 (2.6) 0
IRL,2Cx 2 (2.6) 0
2L.Cx* R 1(1.3) 12.2)

3.3 Follow-Up
3.3.1 MACE Events

Over a median follow-up of 44.1 + 6.5 years, ventricular arrhythmias were documented in 21 (46.6%)
patients. Fifteen (33.3%) received an ICD (13 in primary prevention, age at implantation 39.6+/—6). Two
patients suffered from resuscitated sudden cardiac death. Nine (20.0%) patients died (mean age 41.6
+/=8.7 years) including 2 from sudden cardiac deaths, 1 from an infective endocarditis, 4 from
cardiogenic shocks related to terminal cardiac failure, and 2 from myocardial infarctions. There were no
other myocardial infarctions documented. Thirty-five patients (77.7%) suffered from symptomatic heart
failure and severe right ventricular dysfunction (<35%) and 5 patients (11.1%) were transplanted at a
mean age of 32.4+/—10.0 years. Thirteen (28.8%) patients suffered from both arrhythmic and heart failure
events (Tab. 5).

3.3.2 Other Events

Thirty-four patients (75.5%) had supra ventricular arrhythmias and 16 patients underwent ablation.
Conduction disorders were observed in 53.3% of cases: 10 AV block and 14 sinus node dysfunction.

Among them, 11 (45.8%) received a permanent pacemaker and 9 (37.5%) an ICD while 4 (16%) did not
receive any device. Thirty patients (66.6%) were prescribed beta-blockers therapy.

4 Discussion

We hypothesized that patients with D-TGA, atrial switch surgery, and MACE would have a higher
prevalence of coronary anomalies. Our hypothesis was refuted by this study. The prevalence of coronary
anomalies in patients with MACE was similar to an unselected population of historical controls with
D-TGA. The breakdown of coronary anomalies was likewise similar to published reports, be they using
the Marie Lannelongue classification or modified Leiden classification. Inter-arterial and intramural
courses seemed to be less represented in our cohort although this specific anomaly is thought to impart
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the highest risk for myocardial ischemia and sudden death [29,30]. Since patients with this anomaly might
die before reaching adult age, they may not have been captured by our cohort. The coronary dominance was
predominantly right (91.1% of the cases), i.e., higher than in the general population (80%). Although
underlying reasons remain to be investigated, it could be hypothesized that the systemic position of the
RV favors development of the right coronary artery blood flow and circulation.
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Figure 1: Coronary artery patterns seen in TGA according to Marie Lannelongue classification. (Type I:
normal anatomy; Type II: abnormal path; Type III: loop; Type IV: complex anatomy)

Although ischemia is probably involved in the pathogenesis of RV dysfunction and of other related
complications [22] it appears that the coronary artery branching pattern is not a major determinant of
outcomes. Hypertrophy of the RV and a mismatch between increased oxygen demand and supply could
predispose to RV dysfunction [21] Subendocardial ischemia may primarily be due to a distal and not
proximal altered myocardial perfusion pattern. Cardiac CT and MRI angiography were used to assess the
coronary anatomy. While these imaging tests provide accurate accounts of coronary branching patterns,
they cannot assess distal vascularization. Therefore, no reliable information about the distal coronary
artery blood flow was provided.
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Figure 2: Coronary artery patterns seen in our cohort according to modified Leiden classification

Table 4: Comparison of the prevalence of abnormal coronary anatomy in published studies and pooled
population with our cohort

D-TGA Abnormal coronary Comparison to study
Population, n anatomy, n (%) cohort, p value
Yacoub et al. [24] 18 7 (38.9%) 0.51
Planché et al. [25] 120 38 (31.7%) 0.66
Serraf et al. [26] 432 123 (28.5%) 0.93
Gittenberger-de Groot et al. [27] 77 18 (23.4%) 0.84

Pooled population 647 186 (28.7%) 0.89
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Table 5: MACE during the follow-up and indications on coronary anomalies based on Marie Lannelongue
classification and modified Leiden classification

MACE: Marie Lannelongue Type (n) Leiden Type (n)

Acute cardiac failure with RVEF <35%, n (%) 27 (60.0) I(21), HIA (1), HIB (5) 1LCx-2R (21), 1ILCxR (1), 1L-2Cx, R (1),
1L-2CxR (2), 2LCxR (1), 2LCx, R (1)

Transplantation, n (%) 5(11.1) 1(4), IIB (1) 1LCx-2R (4), 1L-2CxR (1)

Aborted sudden Cardiac death, n (%) 2 (4.4) 1(Q2) 1LCx-2R (2)

Death, n (%) 9 (20) 1 (7), HIA (1), IIB (1) 1LCx-2R (7), 1ILCxR (1), 1L-2CxR (1)

Infective endocarditis, n (%) * 1 I(1) 1LCx-2R (1)

Sudden Cardiac death, n (%) * 2 1(2) 1LCx-2R (2)

Myocardial infarction, n (%) 2 1(2) 1LCx-2R (2)

Terminal cardiac failure, n (%) 4 I(2), IIIA (1), HIB (1) 1LCx-2R (2), 1L-2CxR (1), ILCxR (1)

There is some evidence that beta-blockers could protect against SCD in this patient population.
Khairy et al. [31] showed a reduction of appropriate shocks with beta-blockers in D-TGA patients with
atrial switch implanted with an ICD in a multicenter study. Beta-blockers could be effective in
reducing the ventricular response rate during supraventricular arrhythmias and increase the diastolic
filling time [32]. This could potentially improve the myocardial supply-demand mismatch (24). In our
cohort, only 30 (66.6%) patients were treated with beta-blockers. As suggested by the expert consensus
statement, it could be reasonable to liberalize the use of beta-blockers in patients with Mustard/
Senning baffles, particularly in those with high risk features (e.g., poor systemic right ventricular
ejection fraction, ventricular arrhythmias, syncope, NYHA class III and IV, QRS duration >140 ms, or
severe systemic atrioventricular valve regurgitation) [17]. Sinus dysfunction and atrioventricular block
were frequent, with <50% of patients free from a clinically relevant conduction disorder. Almost half
of the patients had a pacemaker. In patients without pacemakers, conduction disorders may
compromise tolerability of beta-blockers.

Supraventricular arrthythmias were highly prevalent (75.5%) in the patient cohort. Supraventricular
tachycardia is recognized as a risk factor for severe complications. Detection of self-terminating
arrhythmias could be facilitated by the high rate of pacemaker implantation in this population. Catheter
ablation was performed in about a third of our cohort. Early medical and interventional treatment should
be encouraged since supraventricular arrhythmias can be trigger systemic right ventricular failure,
ventricular arrhythmias, and SCD. The provocative finding that patients who underwent catheter ablation
had better survival merits further study.

Although there was no trend towards a higher prevalence of coronary anomalies in patients with MACE,
this retrospective study was underpowered to assess individual components of MACE. A subgroup analysis
according to the different coronary artery anomalies would have been of interest but the limited number of
cases in each subgroup precluded this analysis. Most patients were included because of heart failure as
opposed to ventricular arrthythmias. It remains possible that coronary abnormalities may impact malignant
arrthythmic events. However, there was no signal indicating a higher prevalence of coronary anomalies in
patients with abnormal loops or an inter-arterial course. Moreover, the prevalence of coronary
abnormalities in the subgroup of patients who died from a cardiovascular cause or underwent heart
transplantation was similar to the entire cohort.
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5 Conclusions

In conclusion, the present study did not show a higher proportion of coronary anomalies in patients with
D-TGA and Mustard or Senning baffles who had adverse cardiovascular events compared to general
published series of patients with D-TGA. No link was found between abnormal coronary artery branching
patterns and major cardiac events.
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