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ABSTRACT

Background: Pulmonary hypertension (PH) is one of the complications that can occur after the atrial switch
procedure for transposition of the great arteries (TGA). This study aimed to assess the characteristics and
prognosis of late-onset PH after the atrial switch procedure using catheterization data. Methods and Results:
We retrospectively identified 40 patients with TGA after the atrial switch procedure that underwent catheter-
ization between April 2007 and March 2020. Eligible patients were divided into two groups based on PH pre-
sence (PH group, n = 13 [33%]; non-PH group, n = 27 [67%]). Adverse events were defined as cardiac death
and heart failure. Of the included patients, 63% were male, the mean (± standard deviation [SD]) age was
34.3 ± 8.8 years, and 43% had Mustard operations. During the follow-up period (mean ± SD, 4.3 ± 3.5 years),
adverse events were significantly more common in the PH group than in the non-PH group (hazard ratio
4.5, 95% confidence interval 0.99-23.0, log-rank p = 0.032). There were five patients who underwent catheter-
ization twice during the follow-up period. Two of the five patients who had post capillary PH had improved PH
and New York Heart Association (NYHA) class due to appropriate early treatment initiation for heart failure, which
included diuretics, angiotensin-converting-enzyme inhibitor/angiotensin II receptor blocker, and β-blockers.
Conclusions: PH is very prevalent in adults with TGA who underwent the atrial switch procedure and is asso-
ciated with an adverse prognosis. Early appropriate therapy might improve PH and NYHA class after the atrial
switch procedure.
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1 Introduction

Transposition of the great arteries (TGA) is one of the most common congenital heart diseases (CHD)
presenting at birth with cyanosis [1]. Unpalliated TGA has a 90% mortality rate within the first year of life
[2]. Survival improved dramatically after the introduction of radical surgery in the form of atrial switch
procedures by Drs Ake Senning in 1959 and William Mustard in 1964; this became standard practice in
the 1970s [3,4]. The initial patients who underwent Mustard and Senning correction operations are now
well into adulthood, making long-term follow-up possible. Prior studies reported that 60–80%
of patients were alive 30 years after repair [5–7]. Complications encountered in adult life are
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well-characterized and include sinus node dysfunction, atrial arrhythmias, sudden death, systemic right
ventricular (RV) dysfunction, tricuspid regurgitation, pulmonary hypertension (PH), and baffle
obstructions and leaks [5–8].

PH has been documented in up to 7% of patients surviving to adulthood after the atrial switch procedure.
After the development of PH, individuals have reduced exercise tolerance and quality of life [9]; additionally,
PH has been associated with an adverse prognosis [9,10]. Although catheterization is required for the
diagnosis of PH, there have been few studies that have investigated PH using catheterization in the long-
term follow-up of these individuals [10]. We therefore conducted a retrospective cohort study of adults
with TGA who underwent the atrial switch procedure to assess the prevalence, characteristics, and
prognosis of PH using catheterization data.

2 Materials and Methods

This study was conducted in strict adherence with the principles of the Declaration of Helsinki and was
approved by the Clinical Investigation Ethics Committee of Tokyo Women’s Medical University (5619).
De-identified participant data will not be shared in public.

2.1 Study Design and Population
This was a retrospective cohort study that used inpatient data from Tokyo Women’s Medical University.

All data were obtained from patients’ medical records. We retrospectively identified 40 patients older than
18 years of age with TGA who underwent the atrial switch procedure and who were involved in
hemodynamic investigations using catheterization between April 2007 and March 2020 in our hospital.
Indications for catheterization included decreased exercise tolerance, prior catheter ablation for
tachyarrhythmia or implantation of a pacemaker for bradycardic arrhythmia with Adams-Stokes
syndrome, or exacerbation of valve disease with echocardiography.

2.2 Baseline Variables
The following factors were included as baseline variables: age, sex, body mass index (BMI), body

surface area, age at initiation of the atrial switch procedure, age at surgery, Mustard vs. Senning
procedure, diabetes mellitus, dyslipidemia, hypertension, smoking, New York Heart Association (NYHA)
class determined using the 6-minute walk test, prior history of heart failure and/or documented
tachyarrhythmia by ECG, permanent pacemaker implantation, brain natriuretic peptide (BNP) at the
catheterization, and the medication used at the catheterization. In an electrocardiogram, we evaluated the
rhythm, heart rate, and QRS duration at catheterization.

2.3 Hemodynamic Investigation
All hemodynamic investigations were conducted under local anesthetics and spontaneous breathing. We

examined the following hemodynamic parameters: invasive systolic and diastolic arterial pressure; systolic,
diastolic, and mean pulmonary artery pressure (PAP); pulmonary capillary wedge pressure (PCWP);
pulmonary vascular resistance (PVR); systemic RV and subpulmonary left ventricular (LV) end-diastolic
pressures; systemic RV end-diastolic volume (EDV); systemic RV EDV index (EDVI); systemic RV
ejection fraction (EF); tricuspid regurgitation; and leak and/or stenosis of systemic baffle.

2.4 PH
PH was defined as an increase in mean PAP ≥25 mmHg at rest as determined in a previous hemodynamic

study [11]. PH was classified as precapillary if the PCWP was ≤15 mmHg at rest or as postcapillary if the
PCWP was >15 mmHg. Postcapillary PH was considered isolated if the diastolic pressure gradient (i.e.,
diastolic PAP minus mean PCWP) was <7 mmHg in combination with PVR ≤3 Wood units. Patients with
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a PCWP >15 mmHg and a diastolic pressure gradient ≥7 mmHg, PVR >3 Wood units, or a transpulmonary
gradient (i.e., mean PAP minus mean PCWP) >15 mmHg were considered to have combined post- and
precapillary PH [12]. We divided the eligible patients into two groups: patients with and without PH.

2.5 Adverse Events and Follow-up
Adverse events in this study were defined as cardiac death and heart failure. Heart failure was defined as

hospitalization for heart failure or a pacemaker upgrade to cardiac resynchronization therapy (CRT). During
the follow-up period, the continuation or discontinuation of medication for heart failure such as diuretics,
angiotensin-converting-enzyme inhibitor (ACE-I)/angiotensin II receptor blocker (ARB), β-blocker, and
anti-arrhythmic drugs was decided upon based on the discretion of each physician.

Five patients in the PH group underwent catheterization twice during the follow-up period. We
compared the data on age, NYHA using the 6-minute walk test, hemodynamic investigations, and the
medication usage between the first and second examinations.

2.6 Statistical Analysis
Continuous variables were expressed as means ± standard deviations (SD) or medians and interquartile

ranges (IQR) and were compared using Student’s t-tests or Wilcoxon’s rank-sum tests as appropriate.
Categorical variables were expressed as numbers and proportions and were compared using Fisher’s exact
tests. The Kaplan–Meier method was used to calculate event-free survival, which was compared using the
log-rank test. All statistical analyses were performed with JMP Pro software version 13.1.0 (SAS
Institute, Cary, NC, USA). Two-sided p-values < 0.05 were considered statistically significant.

3 Results

3.1 Baseline Variables
Of the 40 patients included, the mean (± SD) age was 34.3 ± 8.8 years and the median (IQR) time from

birth to the atrial switch procedure was 13.5 (7.3–32) months (Tab. 1). Seventeen (43%) and 23 (57%)
patients underwent the Mustard and the Senning procedures, respectively. Twenty-seven (68%) patients
had associated lesions at birth. The mean (± SD) PAP was 23 ± 13 mmHg, and systemic RV ejection
fraction was 41 ± 9%.

3.2 Pulmonary Hypertension
Overall, PH was detected in 13 (33%) patients. PH was isolated postcapillary, combined, and

precapillary in seven, five, and one patient, respectively. Age at catheterization, age at initiation of the
atrial switch procedure, time from surgery to catheterization, and the proportion of people who underwent
the Mustard procedure did not significantly differ between the two groups (Tab. 2). The associated and
residual lesions also did not differ between the two groups. The NYHA class and BNP in the PH group
were significantly higher than those in the non-PH group.

PH was diagnosed at an average (± SD) age of 36 ± 7 years and a median (IQR) of 34 (30–38) years after
the atrial switch procedure. The mean (± SD) PAP was 37 ± 15 mmHg; PCWP, 19 ± 6 mmHg; and PVR, 4.6 ±
3.7 Woods units. Both of the ventricular end-diastolic pressures in the PH group were significantly higher
than those in the non-PH group (systemic RV: 15 ± 6 mmHg vs. 11 ± 4 mmHg, p = 0.007; subpulmonary
LV: 11 ± 4 vs. 7 ± 4 mmHg, p = 0.005). The systemic RV EDV in the PH group was significantly larger
than that in the non-PH group (226 ± 51 mL vs. 176 ± 54 mL, p = 0.013), and the systemic RV ejection
fraction in the PH group was significantly lower than that in the non-PH group (37.3 ± 8.8% vs. 42.5 ±
8.1%, p = 0.009).
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Table 1: Baseline characteristics

All N = 40

Age at catheter, y 34.3 ± 8.8

Male, N (%) 25 (63)

Body mass index 22.4 ± 3.7

Body Surface Area 1.6 ± 0.2

Age at atrial switch surgery, months 13.5 (7.3 − 32)

Mustard/Senning 17/23

Associated lesions at birth, N (%)

Ventricular septal defect 10 (25)

Patent ducts arteriosus 5 (13)

Other associated lesions 12 (30)

Residual lesions, N (%) 5 (13)

Diabetes mellitus, N (%) 3 (8)

Dyslipidemia, N (%) 1 (3)

Hypertension, N (%) 4 (10)

smoking, N (%) 1 (3)

New York Heart Association class 1.8 ± 0.7

Prior heart failure, N (%) 11 (28)

Prior arrhythmia event, N (%) 19 (48)

Permanent pacemaker, N (%) 4 (10)

Brain natriuretic peptide, pg/ml 75.1 (35.3 − 165.1)

Electrocardiographic parameters

Sinus rhythm, N (%) 35 (88)

Heart rate, ppm 64 ± 13

QRS duration, ms 124.2 ± 32.7

Pharmacologic therapy, N (%)

Loop diuretic 15 (38)

β-blocker 20 (50)

ACE inhibitor or angiotensin receptor blocker 23 (58)

Data of catheterization

Systolic arterial pressure, mmHg 111 ± 20

Diastolic arterial pressure, mmHg 66 ± 14

Systolic PAP, mmHg 35 ± 20

Diastolic PAP, mmHg 14 ± 10

Mean PAP, mmHg 23 ± 13

PCWP, mmHg 14 ± 6
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Table 1 (continued).

All N = 40

PVR, Wood units 3.5 ± 2.9

Systemic RV end-diastolic pressure, mmHg 12 ± 5

Subpulmonary LV end-diastolic pressure, mmHg 9 ± 4

Systemic RV ejection fraction, % 41 ± 9

Moderate or severe tricuspid regurgitation, N (%) 9 (23)
Values are expressed as n (%), mean ± SD, or median (IQR).
ACE, Angiotensin-converting-enzyme; PAP, pulmonary artery pressure; PCWP, pulmonary capillary
wedge pressure; PVR, pulmonary vascular resistance; RV, right ventricular; LV, left ventricular; SD,
standard deviation; IQR, interquartile range.

Table 2: Clinical and demographic characteristics compared between the PH group and non-PH group

PH
N = 13

Non-PH
N = 27

p-value

Age at catheter, y 36 ± 7 33 ± 9 0.39

Male, N (%) 11 (85) 14 (52) 0.08

Body mass index 22 ± 4 23 ± 4 0.9

Age at atrial switch surgery, months 15 (6 − 24) 13 (8 − 37) 0.5

Time from surgery to catheterization, y 34 (30 − 38) 31 (27 − 34) 0.25

Mustard, N (%) 7 (54) 10 (37) 0.49

Associated lesions at birth, N (%)

Ventricular septal defect 4 (31) 6 (22) 0.70

Patent ducts arteriosus 2 (15) 3 (11) 0.70

Other associated lesions 3 (23) 9 (33) 0.72

Residual lesions, N (%) 2 (15) 3 (11) 0.70

New York Heart Association class 2.1 ± 0.8 1.6 ± 0.6 0.03

Prior heart failure, N (%) 6 (46) 5 (19) 0.07

Prior arrhythmia event, N (%) 7 (54) 4 (15) 0.01

Brain natriuretic peptide, pg/ml 156 (62 − 257) 55 (34 − 130) 0.003

Pharmacologic therapy, N (%)

Loop diuretic 6 (46) 9 (33) 0.49

β-blocker 7 (54) 13 (48) 0.74

ACE inhibitor or angiotensin receptor blocker 9 (69) 14 (52) 0.33

Catheterization data

Systolic arterial pressure, mmHg 108 ± 24 113 ± 18 0.51

Diastolic arterial pressure, mmHg 66 ± 19 66 ± 12 0.91

Systolic PAP, mmHg 54 ± 23 26 ± 8 < 0.001
(Continued)
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4.3 Adverse Events and Follow-up
The mean (± SD) follow-up period after catheterization was 4.3 ± 3.5 years. During this period, 7 (18%)

patients experienced adverse events; two patients died, four were hospitalized for heart failure, and one had
his/her pacemaker upgraded to CRT. Patients in the PH group had a significantly higher rate of adverse events
after catheterization than those in the non-PH group (hazard ratio, 4.5; 95% confidence interval, 0.99–23.0;
log-rank p = 0.032; Fig. 1).

In the PH group, five patients underwent catheterization twice (Tab. 3). Cases 1 and 5 were classified as
isolated postcapillary PH, cases 2 and 4 were classified as combined PH, and case 3 was classified as
precapillary PH. Since patient 3 had a residual atrial septal defect, precapillary PH resulted from the left
atrium to the right atrium shunt. The mean PAP of cases 1, 3, and 5 was lower in the second
catheterization than in the first catheterization. Case 3 received higher doses of the pulmonary
vasodilators and showed improved PH and exercise tolerance. Cases 1 and 5 were diagnosed with
isolated postcapillary PH and had enough margin for standard heart failure therapy. Case 1 was started on
a β-blocker, whereas case 5 was started on an ARB and β-blocker. During the second catheterization,
both patients showed improvements in PH, the NYHA class, and the 6-minute walk test. The NYHA
class of the three cases improved compared with that in the first catheterization. Case 2 was increased
doses of ACE-I, β-blocker, furosemide, and spironolactone, and underwent PM implantation. Case 4 was
increased dose of the β-blocker, was started on spironolactone, and received an upgrade to CRT. They did
not show improvements in their PH and exercise tolerance. None of the five cases underwent intervention
for the tricuspid valve regurgitation.

Table 2 (continued).

PH
N = 13

Non-PH
N = 27

p-value

Diastolic PAP, mmHg 22 ± 13 9 ± 3 < 0.001

Mean PAP, mmHg 37 ± 15 16 ± 5 < 0.001

PCWP, mmHg 19 ± 6 11 ± 4 < 0.001

PVR, Wood units 4.6 ± 3.7 1.7 ± 0.9 < 0.001

Systemic RV end-diastolic pressure, mmHg 15 ± 6 11 ± 4 0.007

Subpulmonary LV end-diastolic pressure,
mmHg

11 ± 4 7 ± 4 0.005

Systemic RV end-diastolic volume, ml 226 ± 51 176 ± 54 0.013

Systemic RV end-diastolic volume index,
ml/m2

133 ± 35 106 ± 28 0.023

Systemic RV ejection fraction, % 37.3 ± 8.8 42.5 ± 8.1 0.009

Moderate or severe tricuspid regurgitation,
N (%)

6 (46) 3 (11) 0.05

Leak of systemic baffle, N (%) 2 (17) 3 (11) 0.63

Stenosis of systemic baffle, N (%) 4 (33) 8 (30) 0.82
Values are expressed as n (%), mean ± SD, or median (IQR).PH, pulmonary hypertension; ACE, Angiotensin-converting-enzyme; PAP,
pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RV, right ventricular;
LV, left ventricular; SD, standard deviation; IQR, interquartile range.
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Figure 1: Kaplan–Meier curve displaying the occurrence of adverse events

5 Discussion

In the present study, PH was detected in 33% of patients with TGA after undergoing the atrial switch
procedure. Additionally, patients in the PH group had increased cardiac death and heart failure. Finally,
improvements in PH and the NYHA class were achieved by the initiation of accurate therapy in the three
of the five patients who underwent a second catheterization during the follow-up period. These three
patients had isolated postcapillary or precapillary PH.

PH is a serious complication of atrial switch procedures documented in up to 7% of patients surviving to
adulthood [9]. The main reason for the discrepant rate observed in our study and prior studies might result
from differing inclusion criteria. Prior studies included all patients who underwent atrial switch procedures
and survived to adulthood. Conversely, the present study only included patients who underwent
catheterization. Another study that included patients who underwent catheterization after the atrial switch
procedure reported that PH was detected in 54.5% of patients referred for catheterization [10]. The
indications for catheterization in the previous study and our study were heart failure or worsening
functional capacity. PH rates may be higher in patients with symptoms such as shortness of breath.

In the current study, patients in the PH group had an adverse prognosis; they had a higher number of
prior arrhythmia events, BNP, and systemic RV EDV/EDVI, and a lower systemic RV ejection fraction.
Additionally, PH was postcapillary in all cases except for one case. These findings demonstrated that PH
in adulthood after the atrial switch procedure might result from RV heart failure. Prognosis in the PH
group might be poor due to advanced RV heart failure. After the atrial switch procedure, systemic RV
dysfunction can develop at any stage. However, it is almost uniformly present in older patients, thereby
indicating that the anatomic RV is unable to sustain the systemic circulation over long follow-up periods
[6,13]. A previous study reported that pulmonary stenosis can be helpful in supporting the RV function of
patients with TGA who underwent atrial switch procedures [14]. Although we did not analyze pulmonary
stenosis in the present study, the presence of pulmonary stenosis might have affected systemic RV
function. Although systemic RV function in the non-PH group was also low (42.5 ± 8.1%), PH was not
detected in the non-PH group. One reason for this might be the low levels of RV end-diastolic pressures
and PCWP of the non-PH group. Low levels of RV end-diastolic pressures and PCWP indicate low
afterload of the pulmonary circulation; therefore, PH would not have been detected in the non-PH group.
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The management of PH in patients with TGA requiring atrial switch procedures remains unknown. Previous
studies demonstrated that pulmonary vasodilators were effective for patients with precapillary PH after they
underwent atrial switch procedures [8,15]. Conversely, because postcapillary PH might result from RV
dysfunction, standard heart failure treatment might be effective. As for the pharmacological therapy for RV
dysfunction, renin-angiotensin-aldosterone system blockers did not seem to convey benefits for RV function or
exercise capacity [16,17]. In contrast, β-blockers may have a beneficial role in systemic RV [18]. The
effectiveness of CRT for systemic RV has not been established. According to the European working group on
CHD, CRT should be considered for patients with a NYHA class ≥II, impaired systemic RV function, and
right bundle-branch block, and for patients who are already receiving LV pacing with systemic RV
dyssynchrony and dysfunction [19]. Thus, among 13 patients in the present study with PH, six (46%) received
an ACE-I or ARB, and seven (54%) received a β-blocker. One patient had his/her pace maker upgraded to
CRT. Among the five patients who underwent a second catheterization during the follow-up period, patient
3 was diagnosed with precapillary PH. Subsequently, patient 3 received higher doses of the pulmonary
vasodilators and showed improved PH and exercise tolerance. Patients 1 and 5 were diagnosed with isolated
postcapillary PH and had enough margin for standard heart failure therapy. These patients received enhanced
medical therapy and showed improvements in their PH and exercise tolerance. Patients 2 and 4 received full
medications for heart failure at the first catheterization. Although the two patients underwent advanced heart
failure therapy including CRT, their PH and exercise tolerance did not improve. Early interventions by
medication might assist in improving PH and exercise tolerance among those with postcapillary PH due to
systemic RV dysfunction. Although none of the patients underwent mechanical circulatory support and heart
transplantation, the American Heart Association suggests that patients with systemic RV and advanced heart
failure who do not respond to or are unsuitable for CRT and failing medical therapy should be referred to
mechanical support or heart transplantation before other organ failure and PH occur [20].

To our knowledge, the number of patients who underwent catheterization after the atrial switch
procedure is larger than that reported in previous studies. In our study, there were five patients who
underwent a second catheterization during the follow-up period. As mentioned above, early interventions
for systemic RV dysfunction via medications might assist in improving PH and exercise tolerance.
Catheterization at an appropriate time is necessary for the early diagnosis of PH. Because a previous
report and our study showed PH onset 20 years after the atrial switch procedure [10], it might be better to
perform a catheterization 10 years after the atrial switch procedure and then follow-up every 5 years.

The present study had several limitations that merit mentioning here. First, this was a retrospective study
based on a medical chart review. Second, because the number of cases was too small, adjustment or
multivariable analysis could not perform in the present study. Third, the eligible patients were limited to
those who had catheterization performed between April 2007 and March 2020. Although we have been
performing catheterization on all patients in the remote period after the atrial switch procedure based on
our department policy, patients who died before this period or who had catheterization performed outside
of this period were excluded from the present study. Fourth, in this study, because 36/40 (90%) patients
in this study have undergone catheterization before 2018, we did not use the current definition of PH that
was presented at the 6th World Symposium on PH. The results of the present study may be different if
the new definition of PH was used. Fifth, because the treatment protocol was determined by the
responsible physician, the medication prescribed differed from patient to patient. Finally, the follow-up
period of the present study was short, thus the long-term prognosis of patients with PH was not investigated.

6 Conclusion

PH is very prevalent in adults with TGA who underwent the atrial switch procedure and is associated
with an adverse prognosis. Early therapy for systemic RV might improve PH and exercise tolerance after
the atrial switch procedures.
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