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Abstract: Background: There is limited information on outcomes of adult
patients with pulmonary atresia with intact ventricular septum (PA-IVS) due to the
low incidence of disease and the large variation of surgical histories. Methods:
Among 58 patients with repaired PA-IVS, a total of 32 patients aged >16 years
and who were followed at our institution between January 2003 and December
2018 were reviewed. Surgical history, clinical outcomes, and laboratory,
echocardiographic and electrocardiographic data were obtained by chart review.
Results: Follow-up was from the age of 16 years and the median age at the latest
follow-up was 23.7 years. Twenty-four patients had undergone biventricular repair
(BVR), 3 had undergone one-and-a half ventricular repair (1.5VR), and 5 had
undergone univentricular repair. Over a median follow-up period of 7.7 years
(interquartile range: 4.1-11.0 years), 1 BVR patient died suddenly and 7 patients
had heart failure. Arrhythmias were present in 5 patients. Ten patients underwent
surgical re-interventions, including 4 BVR take-downs with conversion to 1.5VR
and 3 Fontan conversions. Overall survival, heart failure-free, arrhythmia-free, and
surgical re-intervention-free rates at 5 years and 10 years from the age of 16 years
were 96.2% (95% confidence interval [CI], 77.2-99.4) and 96.2% (95% CI, 77.2—
99.4), 81.4% (95% CI, 62.1-92.1) and 74.6% (95%CI, 52.3—88.7), 88.7% (95%
CI, 70.1-96.3) and 75.9% (95% CI, 51.7-90.2), and 80.7% (95% CI, 60.8-91.8)
and 70.8% (95% CI, 49.7—85.7), respectively. Conclusion: Adults with PA-IVS
have preserved long-term survival regardless of the early operative strategy, while
they are at risk for heart failure, arrhythmia, and surgical re-intervention. Thus,
detailed and continued follow-up is mandatory for all PA-IVS patients from
childhood to adulthood.
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1 Introduction

Pulmonary atresia with intact ventricular septum (PA-IVS) is a rare congenital heart defect
characterized by an imperforate right ventricular outflow tract, intact ventricular septum, and varying
degrees of right ventricular and tricuspid valve hypoplasia [1]. In addition to its wide spectrum of right
ventricle (RV) morphologic features, RV-dependent coronary circulation (RVDCC) makes treatment
strategies for this unique congenital heart disease more complicated. Various surgical procedures have been
performed for patients with PA-IVS in early childhood according to their anatomic characteristics [2—8].
To avert abnormal hemodynamics and late complications in univentricular repair (UVR), our institutional
strategy is to aim for biventricular repair (BVR) based on evidence of potential RV growth after adequate
creation of RV and pulmonary artery continuity [2,9,10]. On the other hand, one-and-a half ventricular
repair (1.5VR) was proposed as an alternative surgical procedure to avert Fontan circulation.

Due to a better understanding of the anatomic and physiologic characteristics and appropriate surgical
strategy, an increasing number of children with PA-IVS reach adulthood [3—8]. Although some previous
reports have shown clinical outcomes of adult survivors of PA-IVS [11,12], details of clinical courses and
patients’ characteristics according to the type of surgical repair remain unknown. In the present study, we
reviewed clinical outcomes and features of adults with PA-IVS at our institution.

2 Methods
2.1 Study Population

This study was a retrospective cohort study. We identified 58 patients with PA-IVS who were followed
at Okayama University Hospital. From this group of patients, we focused on the subset of adult patients
who fulfilled the following criteria: 1) age of 16 years or older, 2) clinical visit to our institution between
January 2003 and December 2018, and 3) having been diagnosed with PA-IVS by echocardiography and
having undergone definitive repair during childhood. Patients with additional cyanotic congenital heart
disease were excluded from this study. The final study population included 32 patients. Dropout was due
to patient death before the age of 16 years (6 patients), loss of follow-up (3 patients), and age of less than
16 years at the time of data collection (17 patients). The Okayama University Hospital Institutional Review
Board approved the study protocol and waived the need to obtain patient consent.

2.2 Data Collection

Clinical, laboratory, echocardiographic, and electrocardiographic data at the initial clinical visit after
the age of 16 years were obtained and invasive hemodynamic data were obtained for BVR patients with
1.5VR conversion from our electronic database and from hospital case notes. Demographic and clinical
data included age at the latest clinical follow-up, follow-up duration since the age of 16 years, gender,
associated lesions, New York Heart Association (NYHA) functional classification, and detailed surgical
records (number of operations and initial type of definitive repair). Laboratory data included data for serum
sodium (mEq/L), serum creatinine (mg/dL), and B-type natriuretic peptide (BNP) (pg/mL).
Echocardiography data were reviewed for left ventricular ejection fraction (LVEF) and severity of mitral
regurgitation, tricuspid regurgitation (TR), and pulmonary regurgitation (PR). Data for cardiac rhythm and
QRS duration were obtained from electrocardiograms (ECGs).

Patient-specific timelines allowed calculation of Kaplan-Meier plots for mortality, heart failure,
arrhythmia, and surgical re-intervention. Patients were categorized as having heart failure if at least one of
the following signs was present: orthopnea, nocturnal dyspnea, pulmonary edema, increasing peripheral
edema, and radiological signs. Arrhythmias were identified on ECGs or Holter monitors or at the time of
an electrophysiology study. Follow-up was from the age of 16 years. Patients were censored at the time of
their last clinic review or date of death.
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2.3 Surgical Subgroups
All of the patients were divided into groups according to the type of surgical repair at the age of 16 years.

Our institutional strategy is to aim for BVR to avoid abnormal hemodynamics as much as possible.
Our staged strategy for PA-IVS was described in previous reports [2,9,10]. In brief, to achieve growth of
right-sided heart structures, our choice of the initial palliation includes a modified Blalock-Taussig shunt
with pulmonary valvotomy. After the initial surgical palliation, an RV overhaul procedure is performed for
patients with RV end-diastolic volume of less than 50% of the predicted normal value [2,9]. Finally, we
generally consider a tricuspid valve (TV) z-score of larger than —3 as the indication for BVR. If the TV z-
score is less than —8, we consider UVR is favorable. Patients having a TV z-score of between —8 and —3 are
considered as candidates for 1.5VR. The TV z-score is based on published data [13].

The BVR included excision of the hypertrophied RV muscle, cavity enlargement, and pulmonary valve
repair to create a normal circulation from both ventricle pumps to each respective great artery after several
surgical palliations and catheter interventions. A UVR meant completed Fontan physiology obtained by
atriopulmonary, lateral tunnel, or extracardiac type Fontan. A 1.5VR consisted of bidirectional superior
cavopulmonary anastomosis without Fontan circulation.

2.4 Strategy for Surgical Re-Interventions

In our institution, conversion to 1.5VR was performed in patients with BVR who had heart failure
symptoms, significant PR indicated by echocardiography, elevated RAP (>10 mmHg), and liver damage
assessed by ultrasound [2]. Fontan conversion was performed for patients who had a dilated right atrium,
large thrombus in the right atrium and atrial tachyarrhythmia after an atriopulmonary Fontan operation.

2.5 Statistical Analysis

Data are expressed as number (%) for categorical variables and mean * standard deviation or median
(interquartile range [IQR]) for continuous variables, as appropriate. Rates for actuarial survival and freedom
from heart failure, arrhythmia, and surgical re-intervention were determined using the Kaplan-Meier
method. Cox proportional hazards models were used to identify predictors for death or heart failure. For all
analyses, a p-value less than 0.05 was considered to be statistically significant. All analyses were performed
with JMP 14.0 (SAS Institute, Cary, NC).

3 Results
3.1 Patient Characteristics

We first identified 58 patients in the pediatric population (Fig. 1). Patients were censored at the time
of their last clinical follow-up or when they died. Of the 58 patients, 49 patients had ongoing follow-up, 1
UVR patient died at the age the of 4 years and 5 patients died after palliative surgeries, and 3 patients were
lost to follow-up. Of the 49 ongoing follow-up patients, 17 were less than 16 years of age at the time of
data collection. Therefore, there were 32 PA-IVS patients aged >16 years and all of them were reviewed in
the present study. The dotted line in Fig. 1 indicates the period from 16 years of age.

Patients’ demographics and characteristics are presented in Tab. 1. Their median age was 23.7 (IQR:
20.1-27.0) years at the latest follow-up. The median follow-up duration after the age of 16 years was 7.7
years (IQR: 4.1-11.0) and 20 patients were males. At the age of 16 years, 3 out of 5 UVR patients had
atriopulmonary Fontan and the other two UVR patients had extracardiac Fontan. Before the age of 16 years,
the median number of surgical interventions was 2 (IQR: 2-3). Details of percutaneous interventions are
described in Tab. 1. TV z-scores at the time of definitive repair were —1.63 £ 1.29 in the BVR group, —4.85
+ 0.28 in the 1.5VR group, and —9.12 + 0.91 in the UVR group. RV hypoplasia was found in all patients
who underwent UVR and 1.5VR and in 9 of the 24 patients who underwent BVR. Two patients who
underwent UVR and 1 patient who underwent 1.5VR had RVDCC. Two UVR patients underwent TV
closure and no UVR patients experienced ischemic events. Before the age of 16 years, 3 UVR patients
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experienced heart failure and 2 UVR patients underwent epicardial pacemaker implantation due to sick
sinus syndrome.

At the initial clinical visit after the age of 16 years, 25 patients were NYHA functional I and 7 patients
were NYHA functional class I1. Baseline serum BNP levels were 34.0 + 27.4 pg/mL in the BVR group, 40.7
+ 35.6 pg/mL in the 1.5VR group, and 235.0 = 376.5 pg/mL in the UVR group. Echocardiography revealed
relatively preserved LVEF in the three groups, and 18 of the 24 BVR patients had moderate or severe PR. In
the initial ECG, 30 patients had sinus thythm, 1 UVR patient had atrial fibrillation, and 1 UVR patient had
pacemaker rhythm. Only 1 BVR patient was prescribed an angiotensin-converting enzyme inhibitor.
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Figure 1: Long-term survival in 58 patients with PA-IVS

Firstly, we identified 58 patients in the pediatric population. Of the 58 patients, 49 had ongoing follow-
up, 6 died, and 3 were lost to follow-up. Of the 49 ongoing follow-up patients, 17 were less than 16 years
of age at the time of data collection. Thus, there were 32 adult survivors with PA-IVS and all of them were
included in the present study. In the present study, we could not avoid immortal time bias because of the
unique study population. The dotted line indicates the period from the age of 16 years.

PA-IVS = pulmonary atresia with intact ventricular septum.

Table 1: Demographic and clinical characteristics of the study population

Type of surgical repair at the age of 16 years

Variables All (n =32) BVR (n=24) 1.5VR (n=3) UVR (n=5)
Age at latest follow-up, yrs 23.7(20.1-27.0)  22.7(19.5-25.4) 28.8 (18-31.8) 29.3 (26.2—40.9)
Follow-up from the age of 16

g PTOMBERESBYER 27 @10) 6.7 (3.5-9.4) 12.8 (2.0-15.8) 133 (102-24.9)
Male gender, n 20 (63%) 15 (63%) 1 (33%) 4 (80%)
Number of operations before the age

of 16 years 2(2-3) 2(2-3) 5(3-5) 3(1-4)

Percutaneous intervention before
the age of 16 years

Balloon atrial septostomy, n 25 (78%) 20 (83%) 1(33%) 4 (80%)
Balloon pulmonary valvuloplasty,n 14 (44%) 12 (50%) 1 (33%) 1 (20%)
Balloon pulmonary angioplasty, n 3 (9%) 1 (4%) 1(33%) 1 (20%)

Balloon angioplasty for Blalock-

0, 0 0
Taussig shunt, n 4 (13%) 3 (13%) 1 (33%) 0
RV characteristics
TV z-score at the time of definitive 3124305 1634129 485408 ot2s000

repair
RV hypoplasia 17 (53%) 9 (38%) 3 (100%) 5 (100%)




28.0 (15.9—53.2)

28.0 (15.9—47.5)

22.4 (17.9-81.7)
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RVDCC 3 (9%) 0 1 (33%) 2 (40%)
Status and parameters at the
initial clinical visit
NYHA functional class, n
I 25 (78%) 21(88%) 2 (67%) 2 (40%)
11 7 (22%) 3 (13%) 1 (33%) 3 (60%)
Laboratory data
Sodium, mEq/L 139+2 140 + 1 139+2 140 +3
140 (139—141) 140 (139—140) 140 (137—140) 141 (137—144)
Creatinine, mg/dL 0.72+0.16 0.73+£0.14 0.64 +£0.17 0.73£0.26
0.73 (0.58—0.83) 0.75(0.61—0.85) 0.58 (0.51—0.83) 0.61 (0.55—0.97)
BNP, pg/mL 66.0 + 156.2 34.0+274 40.7 £35.6 235.0 +£376.5

83 (4.7—541.4)

Echocardiography parameters

LVEF, % 65.2+9.8 65.8+8.2 63.9+52 63.4+18.4
63.5 (60.3—71.6) 62.5 (60.3—71.6) 66 (58—068) 69 (47.5—76.5)

Mital valve regurgitation 31/1/0 23/1/0 3/0/0 5/0/0

(mild/moderate/severe)

Tri.cuspid valve regurgitation NA 10/11/3 2/1/0 NA

(mild/moderate/severe)

(mild moderselsovere) NA 6162 NA NA

ECG parameters

Rhythm

Sinus rhythm, n 30 (94%) 24 (100%) 3 (100%) 3 (60%)

Atrial fibrillation, n 1 (3%) 0 0 1 (20%)

Pacemaker rhythm, n 1 (3%) 0 0 1 (20%)

QRS duration, msec 126.1 +25.7 135.0+23.5 104.6 +4.6 97.6+7.7

118 (102—148)

144 (112—154)

102 (102—110)

100 (90—104)

Medications

ACEi, n 1 (3%) 1 (4%) 0 0

3 blockers, n 3 (9%) 3 (13%) 0 0
Digoxin, n 5 (16%) 3 (13%) 0 2 (40%)
Furosemide, n 12 (38%) 6 (25%) 3 (100%) 3 (60%)
Spironolactone, n 9 (28%) 5(21%) 2 (67%) 2 (40%)

Values are n (%), mean = SD, or median (IQR).

1.5VR = one-and-a half ventricular repair; BNP = B-type natriuretic peptide; BVR = biventricular
repair; ECG = electrocardiogram; LVEF = left ventricular ejection fraction, NYHA = New York Heart
Association; RV = right ventricular; RVDCC = right ventricular dependent coronary circulation; TV =

tricuspid valve; UVR = univentricular repair.

3.2 Clinical Outcomes

The clinical outcomes of the study population are summarized in Tab. 2. During the median follow-
up period of 7.7 years, one patient who underwent BVR died suddenly at the age of 19 years. He had
undergone a Blalock-Taussig shunt procedure and pulmonary valvotomy at one month of age followed by
right ventricular outflow tract reconstruction and atrial septal defect closure at the age of 2 years. In adult
survivors with PA-IVS, the overall survival rates at 5 years and 10 years were 96.2% (95% confidence
interval [CI], 77.2-99.4) and 96.2% (95% CI, 77.2-99.4), respectively (Fig. 2A).
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Heart failure occurred in 4 patients who underwent BVR, in 1 patient who underwent 1.5VR, and in 2
patient who underwent UVR. Protein losing enteropathy (PLE) and subsequent heart failure was observed
in 1 UVR patient with atriopulmonary connection at the age of 16 years. The cumulative heart failure-free
survival rates at 5 years and 10 years were 81.4% (95% CI, 62.1-92.1) and 74.6% (95%CI, 52.3-88.7),
respectively (Fig. 2B). A univariate analysis with a Cox proportional hazards model was performed to
establish risk factors for death or heart failure (Tab. 3). NYHA functional status at baseline and UVR were
associated with risk of death or heart failure, albeit with wide confidence intervals.

Five patients had atrial arrhythmias including atrial re-entrant tachycardia (n = 3) and atrial fibrillation
(n = 2) (Tab. 2), whereas none of the patients had ventricular arrhythmia. Atrial tachycardia occurred in 2
patients who underwent BVR and in 1 patient who underwent 1.5VR. Although 1 BVR patient underwent
three radiofrequency catheter ablations for atrial tachycardia, atrial arrhythmia was not completely
eliminated, and a class III antiarrhythmic drug was administered. Atrial fibrillation was observed in 1 BVR
patient and 1 UVR patient. The cumulative arrhythmia-free survival rates at 5 years and 10 years were
88.7% (95% CI, 70.1-96.3) and 75.9% (95% CI, 51.7-90.2), respectively (Fig. 2C).

Three patients underwent percutaneous intervention after the age of 16 years. One BVR patient
underwent coil embolization to occlude aortopulmonary collateral vessels, one 1.5VR patient underwent
catheter closure of fenestration, and one UVR patient underwent pulmonary artery stenting.

Table 2: Clinical outcomes in total cohort

Outcome All(n=32) BVRn=24) 15VR(1n=3) UVR(®n=Y5)

Death 1

Heart failure 7 4

Atrial arrhythmia 5 3
3 2
2 1
1

Atrial tachycardia
Atrial fibrillation
Pacemaker therapy

O = = = O
—_—a— O = N O

0 0
1.5VR = one-and-a half ventricular repair; BVR = biventricular repair; UVR = univentricular repair.
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Figure 2: Rates for (A) cumulative survival, (B) heart failure-free survival, (C) arrhythmia-free survival,
and (D) surgical re-intervention-free survival in 32 adult survivors of PA-IVS
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In adult survivors with PA-IVS, overall survival, heart failure-free, arrhythmia-free, and surgical re-
intervention-free rates at 5 years and 10 years were 96.2% (95% CI, 77.2-99.4) and 96.2% (95% CI, 77.2—
99.4), 81.4% (95% CI, 62.1-92.1) and 74.6% (95%CI, 52.3-88.7), 88.7% (95% CI, 70.1-96.3) and 75.9%
(95% CI, 51.7-90.2), and 80.7% (95% CI, 60.8-91.8) and 70.8% (95% CI, 49.7-85.7), respectively.

CI = confidence interval; PA-IVS = pulmonary atresia with intact ventricular septum.

Table 3: Hazard ratios for death or heart failure in adult survivors with PA-IVS

Risk factor HR 95% CI P value
Surgical repair type at the age of 16 years

BVR (reference) - - -
1.5VR 1.96 0.55-12.54 0.333
UVR 3.12 1.01-13.64 0.047
NYHA functional class

I (reference) - - -

I 7.47 1.53-134.96  0.008
Sodium, mEq/L (per decrement of 10 mEq/L) 2.08 0.40-11.94 0.387
Creatinine (per increment of 0.1 mg/dL) 1.01 0.12-6.92 0.996
BNP (per increment of 10 pg/mL) 0.99 0.92-1.02 0.712
LVEEF (per decrement of 5%) 2.04 0.43-8.29 0.349
QRS duration (per increment of 10 msec) 1.81 0.51-6.28 0.351

1.5VR = one-and-a half ventricular repair; BNP = B-type natriuretic peptide; BVR =biventricular repair;
CI = confidence interval; HR = hazard ratio; LVEF = left ventricular ejection fraction; PA-IVS = pulmonary
atresia with intact ventricular septum; NYHA = New York Heart Association; UVR = univentricular repair

3.3 Surgical Re-Interventions

Details of surgical re-interventions after the age of 16 years are shown in Fig. 3. Right atrial pressures
(RAPs) in 4 BVR patients with heart failure were 10, 12, 11, and 10 mmHg, respectively. Liver ultrasound
revealed an irregular and nodular liver surface and a coarse echo pattern in all of those 4 patients. Therefore,
all of the BVR patients with heart failure fulfilled our institutional criteria for conversion (heart failure
symptoms, significant PR, elevated RAP > 10 mmHg, and ultrasound-based liver damage) and they
subsequently underwent take-down of BVR and 1.5VR conversion. The median age of patients with 1.5
VR conversion was 19.7 years (IQR: 18.2-20.7 years) and the median duration between initial BVR and
1.5VR conversion was 18.6 years (IQR: 17.7-18.8 years). 1.5VR conversions were performed concomitant
with right ventricular outflow tract reconstruction using valved conduit in the first and second patients, with
pulmonary valve replacement using bioprosthetic valve in the third patient, and with pulmonary valve plasty
in the fourth patient. After 1.5VR conversion, RAP decreased from 10, 12, 11, and 10 mmHg to 5, 8, 5, and
6 mmHg, respectively. Serum BNP levels also decreased from 55.9, 91.5, 51.0, and 125.4 pg/mL to 40.7,
58.7, 14.8, and 72.1 pg/mL, respectively. Four BVR patients with heart failure and subsequent 1.5VR
conversion tended to have smaller TV z-scores than those in the other BVR patients, but the difference was
not statistically significant (-2.68 + 0.43 vs. —1.42 £ 1.30, P = 0.074).

Two BVR patients underwent tricuspid valve and pulmonary valve surgery because of significant TR
and PR without elevated RAP. One patient underwent tricuspid and pulmonary valve plasty at the age of 22
years and the other patient underwent pulmonary valve replacement and tricuspid valve plasty at the age of
22 years. None of the BVR patients had heart failure or surgical re-interventions before the age of 16 years.

One 1.5VR patient had right ventricular outflow tract reconstruction using a valved conduit and
tricuspid valve plasty at the age of 29 years due to frequent atrial tachycardia, significant TR and PR, and
subsequent heart failure. Fontan conversion was performed in 3 of the 5 patients. The reasons for Fontan
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conversion were heart failure, PLE and heart failure, and right atrial thrombus, respectively. The ages at the
time of the initial Fontan procedure were 7, 5, and 4 years and the ages at the time of Fontan conversion
were 29, 16, and 19 years. After Fontan conversion, significant improvement in heart failure symptom was
observed in the first patient, whereas PLE and heart failure symptom did not improve in the second patient.

The cumulative surgical re-intervention-free survival rates at 5 years and 10 years were 80.7% (95%
CI, 60.8-91.8) and 70.8% (95% CI, 49.7-85.7), respectively (Fig. 2D).

Figure 3: Summary of clinical courses in adult survivors with definitive repair for PA-IVS

Sudden death (n=1) |

BVR

(n=24) Heart failure (n = 4) f—>| Convertedto1.5VR (n=4) |

:: TV + PV surgery (n =2) |

1.5VR " — RVOT replacement
(n=3) —>| Heart failure (n = 1) |—> +TV plasty (n = 1)

Heart failure (n =1)

UVR

(n=5) PLE and heart failure (n = 1) Fontan conversion (n = 3) |

Right atrial thrombus (n = 1)

Of 24 BVR patients, 4 patients underwent take-down of BVR and 1.5VR conversion. Of 3 1.5VR
patients, 1 patient underwent RVOT replacement using a valved conduit and TV plasty. Of 5 UVR patients,
3 patients underwent Fontan conversion.

1.5VR = one-and-a half ventricular repair; BVR = biventricular repair; PA-IVS = pulmonary atresia
with intact ventricular septum; PLE = protein losing enteropathy; PV = pulmonary valve; RVOT = right
ventricular outflow tract; TV = tricuspid valve; UVR = univentricular repair.

4 Discussion

The clinical courses and outcomes in adult survivors with PA-IVS were shown in this study. Since
PA-IVS is an extremely rare congenital heart defect and has great morphological heterogeneity, various
surgical repairs have been performed and thus there are limited data on long-term outcome of PA-IVS
according to the type of surgical approach. In our patient population, BVR was the most common initial
definitive repair, accounting for 75% of the study population, because of our institutional bias towards BVR.
Among the 32 late survivors, 1 BVR patient died suddenly and 7 patients had admission for heart failure
during the study period. Surgical re-interventions were performed in 10 patients including all of the 7
patients with heart failure.

4.1 Type of Repair and Clinical Outcome

Although the surgical outcomes of children with PA-IVS have been improved over the past decade
with 10-year survival ranging from 80% to 94% [3—8], there is insufficient information on the prognosis of
adult survivors with PA-IVS. Additionally, differences in long-term outcomes depending on the type of
surgery are still under debate. The mortality rate in our cohort was 3.1%, which is lower than that in a
previous study of adults with PA-IVS [11]. In that previous study, 5 (25%) of 20 adults with PA-IVS died
during the study period and the mean age at the time of death was 32 years [11]. Unlike our data, more than
half of the patients underwent UVR or univentricular palliation, which was reported to be associated with
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high mortality. On the other hand, another study that included fewer UVR patients than those in the
aforementioned study showed a mortality rate (4.1%) [12] similar to that in our study. Regarding the
mortality in BVR patients, in a study that included children who underwent BVR between 1965 to 1998,
20 (34%) of 58 BVR patients died, but the mortality rate was significantly higher in patients who underwent
operations during the early era than that in patients who underwent operations during the late era [7]. In
addition, in a study in which clinical features of PA-IVS patients after BVR were investigated, 2 (9%) of
23 patients died within 5 years after BVR, but no patients died after the age of 15 years [5]. Similarly, in a
study on outcomes in PA-IVS, 1 (3.7%) of 27 BVR patients died at the age of 10 months [8]. Therefore,
the mortality rate for adult survivors who have undergone BVR is considered to be acceptable.

The mortality rate for adults with PA-IVS after UVR is also uncertain. In a previous study, 2 out of 5
UVR patients died due to sepsis at the age of 31 years and due to sudden cardiac arrest after Fontan revision
at the age of 32 years [11]. In contrast to that study, in our cohort, one UVR patient died at the age of 4
years, but no UVR patients died after the age of 16 years. Similarly, in several prior studies, most of the
deaths in PA-IVS patients after UVR occurred during childhood [14-17].

The prevalence of heart failure in adult survivors with repaired PA-IVS is unknown. In our population,
heart failure occurred in 7 (22%) of the 32 patients. In a previous study, the proportion of patients with
admission for heart failure was 4.4% in adults with repaired pulmonary atresia during a median follow-up
period of 8.8 years [ 12]. However, patients with various types of pulmonary atresia including patients with
and those without an intact ventricular septum were enrolled in that study. In addition, although the most
frequent reason for hospital admission in that study was invasive interventions, which were performed in
26% of the study population, the reason for surgical or percutaneous intervention was not stated in the
report [12]. Therefore, heart failure might be more prevalent than expected. In adult patients with heart
failure with or without congenital heart disease, baseline NYHA functional class, serum sodium, creatinine,
and BNP levels, LVEF by echocardiography, and QRS duration on an ECG are well-established risk factors
for worsening heart failure [18-20]. Among these risk factors, NYHA functional class at the initial visit
after the age of 16 years was shown to be associated with risk of death or heart failure in the present study.
UVR patients also had >3-fold risk (HR, 3.12) of death or heart failure compared with BVR patients.
However, the number of UVR patients was small in the current study and thus further studies are required
to draw a definitive conclusion. In our institution, although BVR was selected for patients with a TV z-
score of larger than —3, BVR patients with heart failure and subsequent 1.5VR conversion had relatively
small TV z-scores. The present study has proved that our early surgical strategy resulted in preserved long-
term survival regardless of the early surgical repair, but further investigations are required to determine the
optimal surgical strategy in patients with PA-IVS.

Atrial tachyarrhythmias were observed in 5 (16%) of the 32 patients in our study. Although atrial
tachyarrhythmia is the most common arrhythmia in adults with repaired PA-IVS [5,11], the incidence in
the present study was low compared with that in a previous study [11], probably due to the large percentage
of patients who underwent BVR in our cohort.

4.2 Strategy for Surgical Re-Intervention after BVR

Based on published evidence from our institution [2,9,10], our institutional policy for PA-IVS
management has aimed for BVR. On the other hand, restrictive RV physiology after BVR is not uncommon
[21,22] and it is associated with elevated end-diastolic RV pressure, right atrial dysfunction [23], and
increased central venous pressure followed by end organ damage, including liver congestion. The duration
between the BVR procedure and manifestation of restrictive RV physiology is uncertain. In a previous
study [24], conversion of BVR to 1.5VR was performed at 3.6 to 7.1 years of age, which was much younger
than that in our cohort. Although there are no definitive criteria for take-down to 1.5VR from BVR, our
institutional criteria for conversion include heart failure symptoms, significant PR, elevated RAP, and liver
damage confirmed by ultrasound, and these criteria are consistent with previous reports [2,24,25]. However,
reversed hepatic flow during atrial contraction and diastolic liver expansion was observed in a patient with
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PA-IVS after 1.5VR in a previous case report [26], and therefore long-term outcomes after 1.5VR
conversion should be investigated.

4.3 Study Limitations

There are some limitations in this study. First, since this study was a retrospective analysis of a single
center’s experience of adult patients with repaired PA-IVS, which is an extremely rare congenital heart
defect, the number of patients in each surgical group was small. Therefore, the number of patients in our
cohort was not sufficient to represent all adult PA-IVS survivors of various ages, anatomies, and surgical
histories. Second, since we aimed to focus on adult PA-IVS patients and only patients aged >16 years were
reviewed in the present study, we could not avoid potential immortal time bias. Third, not all of the data
for arrhythmic events were obtained because arrhythmic data were reviewed from medical records and thus
unrecorded or asymptomatic arrhythmias were not included. Fourth, the decision for surgical re-
intervention was made on the basis of a single-center policy. There are limited reports on detailed indication
for conversion from BVR to 1.5VR in patients with PA-IVS, and our institutional criteria are thus based on
previous reports [24,25] and on our accumulated experiences [2]. Fifth, we did not assess cardiopulmonary
exercise test results, RV volume, or RV function because sufficient data for accurate analysis were not
available at the time of data collection. In previous studies [27,28], decreased exercise capacity and RV
function were observed late after definitive surgery regardless of the type of repair, and these parameters
would thus be helpful for risk stratification in adults with PA-IVS. Sixth, although echocardiographic data
and reports were reviewed to assess LVEF and valvular heart disease, sufficient data for accurate evaluation
of RV function were not available due to the lack of RV-focused images, tricuspid annular plane systolic
excursion, systolic velocity of tricuspid annulus from pulsed tissue Doppler, and other echocardiographic
parameters for the assessment of RV function [29].

5 Conclusions

In our cohort, the mortality rate for adult survivors with PA-IVS was low compared with the mortality
rates in previous reports, though our surgical strategy has bias towards BVR and the study sample size and
study duration were limited. On the other hand, adult survivors with PA-IVS are at risk for heart failure,
arrhythmic events, and surgical re-intervention. Therefore, detailed and continued follow-up at a specialized
center is essential for all PA-IVS patients from childhood to adulthood.
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