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ABSTRACT

Objectives: We sought to determine the long-term outcomes and mortality-associated factors after systemic-to-
pulmonary artery shunt (SPS) in patients with heterotaxy syndrome. Methods: We retrospectively analyzed all
patients with a functional single ventricle and heterotaxy syndrome who underwent SPS at our center from Jan-
uary 2001 to April 2022. Results: This study involved 84 patients. Restrictive pulmonary blood flow requiring
early modulation was presented in 34 (40%) patients. Compared with patients without restrictive pulmonary
blood flow (N = 50 [60%]), the postnatal survival of these 34 patients was significantly lower at 10 years (log rank:
p = 0.04), but the statistical significance disappeared at 20 years (log rank: p = 0.18). Among 31 patients who
underwent SPS, 11 (35%) had extracardiac total anomalous pulmonary venous connection (TAPVC). The survi-
val rate after SPS was 80% at 10 years. Cox regression analysis showed that extracardiac TAPVC (hazard ratio
6.44, 95% confidence interval 1.23–33.7, p = 0.03) and pulmonary venous obstruction (PVO) at TAPVC repair
(hazard ratio 11.2, 95% confidence interval 2.13–58.5, p = 0.004) were significantly associated with death. In
25 patients who underwent bidirectional cavopulmonary shunt (BCPS), surgical interventions on the pulmonary
artery (PA) were performed after SPS in 7 of 9 patients with PA coarctation, 3 of 4 with non-confluent PAs, and
4 of 12 with normal PAs. At SPS, primary central PA plasty was performed in three patients with PA coarctation
and 2 with non-confluent PAs. There was no significant difference in the PA index before BCPS between patients
with and without primary central PA plasty (p = 0.49). Among 20 patients who underwent total cavopulmonary
connection (TCPC), adverse events occurred in 7 (35%) patients, including death in 1 (5%), intervention for pul-
monary arteriovenous malformation (PAVM) in 3 (15%), and surgical intervention for PVO in 3 (15%). The
B-type natriuretic peptide concentration was significantly higher in patients with than without adverse events
(p = 0.02). The adverse event-free survival rate after TCPC was 69% at 10 years. Conclusion: Extracardiac
TAPVC and PVO at TAPVC repair were significantly associated with death after SPS in patients who had het-
erotaxy syndrome with a single ventricle. Surgical interventions on the PA were frequently required after SPS in
patients with PA coarctation or non-confluent PAs. Although satisfactory survival was achievable after TCPC,
late-onset PAVM and PVO remain concerns.
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1 Introduction

Surgical management of patients with heterotaxy syndrome and single ventricular physiology is
challenging. Despite advances in operative and perioperative care, recent studies have shown that the
inter-stage mortality rate before a Fontan operation is approximately 30% [1–3]. The factors associated
with mortality in this patient population have been extensively investigated and include pulmonary
venous malformation, atrioventricular valve (AVV) regurgitation, restrictive pulmonary blood flow, and
arrhythmia [1–3]. These factors are usually present in the same patient, making their surgical
management more complex.

Patients with heterotaxy syndrome and a functional single ventricle frequently present with restrictive
pulmonary blood flow, and systemic-to-pulmonary artery shunt (SPS) is commonly performed as surgical
palliation. One study showed that surgical mortality after SPS was worse in patients with than without
heterotaxy syndrome [4]. A recent report from Germany stated that restrictive pulmonary blood flow
requiring early modulation was an independent risk factor for mortality in patients who had heterotaxy
syndrome with a single ventricle [1]. The unfavorable outcomes after SPS in this patient population may
be attributed to other concomitant cardiac malformations, particularly pulmonary venous malformation
and AVV regurgitation. The impacts of these associated cardiac lesions on the outcomes of SPS have not
been thoroughly investigated. Additionally, the long-term outcomes after total cavopulmonary connection
(TCPC) following SPS in patients with heterotaxy syndrome remain unclear.

Pulmonary artery (PA) stenosis at the site of a patent ductus arteriosus, termed PA coarctation, is a
frequent complication of heterotaxy syndrome and can compromise the growth of the PAs and the
success of the Fontan operation. In patients with PA coarctation, whether primary central PA
reconstruction with ductus tissue resection improves the outcomes has not been determined.

In the present study, we review our 20-year experience in a cohort of patients who had heterotaxy
syndrome with a single ventricle and underwent SPS. We examine the factors associated with death after
SPS and the impact of primary central PA plasty on PA coarctation. Finally, we will determine the
adverse outcomes after TCPC in this patient cohort.

2 Methods

2.1 Patients
We reviewed all patients with a functional single ventricle and heterotaxy syndrome who underwent SPS

at our center from January 2001 to April 2022. Patients who underwent SPS as a part of the Damus–Kaye–
Stansel procedure or Norwood procedure were excluded.

2.2 Operative Techniques
The SPSs were constructed with an interposition of a polytetrafluoroethylene vascular graft (Gore-Tex

graft; W.L. Gore & Associates, Flagstaff, AZ, USA). The surgeon chose the of shunt type and size based on
the patient’s weight and cardiac and vascular anatomy. The SPS procedure was performed through a median
sternotomy or lateral thoracotomy. Cardiopulmonary bypass was required in patients who needed
concomitant procedures or experienced hemodynamic instabilities. Central PA plasty with resection of the
ductal tissue was performed at the time of SPS in selected patients with PA coarctation or non-confluent
PAs. To achieve the confluent and non-stenotic PAs, we performed full mobilization of both the right and
left PAs beyond the upper branches and complete resection of the ductal tissue. Continuity of the
posterior walls of the central PA was established by direct anastomosis. An autologous fresh pericardial
patch was used for the anterior aspect to augment the stenotic site. After SPS without central PA plasty,
the infusion of prostaglandin E1 was discontinued. The juxtaductal PA stenosis was carefully observed
and an additional SPS was constructed for the contralateral PA if necessary. After SPS, all patients were
administered aspirin and dipyridamole to prevent thrombosis.
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Surgical repair of total anomalous venous connection (TAPVC) was performed with anastomosis of the
common pulmonary venous chamber to the atrium under cardiac arrest. Primary sutureless repair has been
used in our center since 2012. A staged Fontan palliation consisting of bidierctional cavopulmonary shunt
(BCPS) followed by TCPC has been our standard strategy for repair of a functional single ventricle.
TAPVC repair was performed in the neonatal period or early infancy if pulmonary venous obstruction
(PVO) was present. Otherwise we performed TAPVC repair at the time of BCPS.

2.3 Definitions and Diagnosis
PA coarctation was defined as discrete narrowing of the PA at the ductal insertion site in patients with

pulmonary atresia. PVO was defined as a Doppler echocardiographic velocity of >1.2 m/s, pressure gradient
of >4 mmHg, minimal diameter of the draining vein of <1.5 mm, or pulmonary congestion due to narrowing
of the draining veins requiring mechanical ventilation.

2.4 Study Methods
We reviewed the patients’ medical records, including their in-hospital and outpatient notes and data

regarding echocardiography, computed tomography, and cardiac catheterization. The patients have been
maintained outpatient follow-up with both pediatric cardiologists and cardiac surgeons. The follow-up
data from the time of SPS until the last known record of the patients were regularly tracked using our
institutional database. The follow-up period was defined as the time from SPS to the last follow-up visit.
In a subgroup of patients who underwent BCPS, the impact of primary central PA reconstruction was
assessed in terms of the requirements for re-interventions involving the PA and the growth of the PAs. In
patients who underwent TCPC, the adverse events after TCPC were examined.

2.5 Statistical Analysis
Categorical variables are presented as absolute number and percentage. Continuous variables are

expressed as median with interquartile range (IQR). Student’s t-test was used to compare continuous
variables. For survival analysis, the date of SPS was taken as zero time. The Kaplan–Meier survival
estimates with 95% confidence intervals (CIs) were determined. A Cox proportional hazards model was
used to examine the effects of anatomic and procedural variables on survival. The impact of a history of
AVV surgery on mortality was determined using a Cox proportional hazard model with time-dependent
covariates. Hazard ratios (HRs) and 95% CIs were estimated. Statistical significance was defined as p <
0.05. Analyses were performed with SPSS version 28.0 for Windows (IBM Corp, Armonk, NY, USA).

3 Results

3.1 Patients
During the study period, a total of 84 patients with heterotaxy syndrome and functional single ventricle

who underwent surgical treatments at our center. Among them, 31 patients underwent SPS at a median age of
54 days (IQR: 36–87 days). Before SPS, the ductus arteriosus was kept open with prostaglandin E1 infusion.
Twenty-eight patients had right isomerism and 3 had left isomerism. The SPS was constructed on the left side
in 15 (48%) patients and on the right side in 16 (52%). The inflow vessel of the shunt was the brachiocephalic
artery in 6 (19%) patients, the common carotid artery in 4 (13%), and the subclavian artery in 21 (68%). The
size of the shunt was 3.0 mm in 2 (6%) patients, 3.5 mm in 18 (58%), and 4 mm in 11 (35%). On
echocardiography, 15 (48%) patients showed greater than mild AVV regurgitation and 2 showed reduced
ventricular function before SPS. Eleven (35%) patients had extracardiac TAPVC and underwent TAPVC
repair at a median age of 91 days (IQR 35–129 days). Two patients had intracardiac TAPVC and did not
require TAPVC repair. The extracardiac TAPVC was the supra-cardiac type in seven patients, infra-
cardiac type in three, and mixed type in one. Preoperative computed tomography revealed PA coarctation
in 11 (35%) patients and non-confluent PAs in 4 (13%). The patients’ characteristics are shown in
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Table 1. Extracardiac TAPVC, common AVV, bilateral SVC, and dextrocardia were more frequent in patients
with than without SP shunt.

3.2 Impact of Restrictive Pulmonary Blood Flow on Survival
Restrictive pulmonary blood flow requiring early modulation was present in 34 patients (31 patients with

SPS, 2 with continuous prostaglandin E1 infusion, and 1 with right ventricle-to-PA shunt). Compared with
patients without restrictive pulmonary blood flow (N = 50), the postnatal survival of these 34 patients was
significantly lower at 10 years (log rank: p = 0.04), however, the statistical significance disappeared at
20 years (log rank: p = 0.18) (Fig. 1).

3.3 Overall Outcomes
Follow-up was completed in all 31 patients and median follow-up period after SPS was 7.6 years (IQR,

2.3–12.0 years). Among 11 patients with extracardiac TAPVC, 8 patients had preoperative PVO. The
TAPVC repair was performed before SPS in one patient, at the time of SPS in seven, between SPS and
BCPS in one, and at the time of BCPS in two. The outcomes after SPS in individual patients are shown
in Fig. 2. One patient in whom TAPVC repair was performed before SPS died of PVO and severe
infection 2 months after the SPS. Among seven patients who underwent TAPVC repair at the time of
SPS, one patient was unable to be weaned from cardiopulmonary bypass and died on postoperative day

Table 1: Patients’ characteristics

Variables SP shunt (+) SP shunt (-) p value
N = 31 N = 50*

Male 18 (58%) 27 (54%) 0.72

Morphology of the heart

Right isomerism 28 (90%) 34 (68%) 0.23

Extra-cardiac TAPVC 11 (35%) 1 (2%) <0.01

Type 1 7 (22%) 0 (0%) -

Type 3 3 (10%) 1 (2%) -

Type 4 1 (3%) 0 (0%) -

Common AVV 27 (87%) 14 (28%) <0.01

Pulmonary atresia 19 (61%) 0 (0%) -

PA coarctation 11 (35%) 0 (0%) -

Non-confluent PA 4 (13%) 0 (0%) -

Bilateral SVC 17 (55%) 14 (28%) 0.02

Dextrocardia 12 (39%) 3 (6%) <0.01

Age at SP shunt (days) 54 (35–87) - -

Body weight at SP shunt (kg) 3.7 (3.3–4.8) - -

Echocardiography at SP shunt

Reduced ventricular function 2 (6%) - -

Greater than mild AVVR 15 (48%) - -
Note: TAPVC, total anomalous pulmonary venous connection; AVV, atrioventricular valve; AVVR, atrioventricular valve regurgitation; SVC,
superior vena cava; SPS, systemic-to-pulmonary artery shunt; PA, pulmonary artery. *: Two patients with restrictive pulmonary blood flow were
not included. Bold: statistically significant.
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17. Another patient developed acute cyanosis and died in the hospital on postoperative day 58. Another
patient who had Goldenhar syndrome and duodenal atresia developed PVO and died 2 years after the
surgery. Another patient underwent fenestrated TCPC at the age of 4 years. This patient had right PVO
and severe right PA stenosis. Cardiac catheterization performed at 1 year after TCPC showed a mean PA
pressure of 16 mmHg and PA index of 73 mm2/m2. The patient died suddenly at home 3 years after the
TCPC. The data regarding TAPVC repair are summarized in Table 2. Five (45%) patients died after SPS.
All of these patients presented with PVO at the time of TAPVC repair. The sutureless technique was used
for TAPVC repair in six patients. One patient who underwent TAPVC repair between SPS and BCPS
developed PVO after BCPS and dropped out of the Fontan track. Among 20 patients without extra-
cardiac TAPVC, 2 (10%) died of severe infection at 4 months and 1.6 years after SPS, respectively.

Figure 1: Postnatal survival in patients with and without restrictive pulmonary blood flow. PBF, pulmonary
blood flow

Figure 2: Outcomes after systemic-to-pulmonary shunt in individual patients. TAPVC, total anomalous
pulmonary venous connection; SPS, systemic-to-pulmonary artery shunt; BCPS, bidierectional
cavopulmonary shunt; TCPC, total cavopulmonary connection; PVO, pulmonary venous obstruction
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3.4 Factors Associated with Mortality after SPS
The survival rate after SPS was 83.0% at 5 years and 80.0% at 10 years (Fig. 3). Cox regression analysis

showed that extra-cardiac TAPVC (HR, 6.44, 95% CI, 1.23–33.7, p = 0.03) and PVO at the time of TAPVC
repair (HR, 11.2, 95% CI, 2.13–58.5, p = 0.004) were significantly associated with mortality, while greater
than mild AVV regurgitation and a history of AVV plasty were not (Table 3).

Table 2: Data of TAPVC repair in patients with extra-cardiac TAPVC

Age
(days)

Preoperative
PVO

TAPVC
type

Method Concomitant
procedure

Re-
PVO

Outcome

74 + 1b Sutureless SP shunt – Alive (s/p
BCPS)

248 – 1b Sutureless BCPS – Alive (s/p
BCPS)

159 – 1b Sutureless BCPS – Alive (s/p
TCPC)

144 + 1a Conventional BCPS + Alive (s/p
BCPS)

34 – 1b Conventional SP shunt – Alive (s/p
TCPC)

36 + 3 Conventional SP shunt – Alive (s/p
TCPC)

91 + 1b Sutureless SP shunt + Death

15 + 3 Sutureless SP shunt – Death

0 + 3 Sutureless - (PDA remained
open)

+ Death

105 + 4 Conventional SP shunt – Death

114 + 1a Conventional SP shunt – Death
Note: PVO, pulmonary venous obstruction; TAPVC, total anomalous pulmonary venous connection; SP, systemic-to-pulmonary artery; BCPS,
bidirectional cavopulmonary shunt; PDA, patent ductus arteriosus; TCPC, total cavopulmonary connection.

Figure 3: Survival after systemic-to-pulmonary artery shunt
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3.5 PA Re-Intervention and PA Growth after SPS
The rate of PA re-interventions and growth of the PAs were assessed in 25 patients who underwent

BCPS following SPS. Among the 25 patients, 9 had PA coarctation, 4 had non-confluent PAs, and 12 had
normal PAs. Central PA plasty was performed at the time of SPS in three patients with PA coarctation
and two patients with non-confluent PAs. The catheter and surgical interventions on the PA after SPS are
summarized in Fig. 4. In patients with PA coarctation, a total of 10 surgical interventions on the PA were
performed in 2 patients with central PA plasty and 5 without central PA plasty. In patients with non-
confluent PAs, six surgical interventions on the PA were performed in one patient with central PA plasty
and two without central PA plasty. In patients with normal PAs, four surgical interventions on the PA
were performed in four patients. Catheter and surgical PA interventions were frequently needed after SPS
in patients with PA coarctaion or non-confluent PAs, either with or without primary central PA plasty.
Fig. 5 shows the representative serial angiographs of a patient with PA coarctation and a patient with
non-confluent PAs who underwent central PA plasty at the time of SPS. No patients with PA coarctation
developed complete PA discontinuation after the cessation of prostaglandin E1 infusion. Fig. 6 shows the
PA index before SPS and before BCPS. There was no significant difference in growth of the PAs between
the patient groups.

Table 3: Factors associated with mortality after SPS

HR 95% CI p value

Extra-cardiac TAPVC 6.44 1.23–33.7 0.03

PVO at TAPVC repair 11.2 2.13–58.5 0.004

Greater than mild AVVR 3.07 0.60–15.9 0.18

History of AVV surgery 3.37 0.60–19.0 0.17

Bilateral SVC 2.31 0.45–11.9 0.32

Pulmonary atresia 0.39 0.09–1.79 0.23

PA coarctation 1.47 0.33–6.58 0.61

Age at SPS 0.99 0.98–1.01 0.92

Bodyweight at SPS 0.49 0.19–1.26 0.14
Note: TAPVC, total anomalous pulmonary venous connection; AVV, atrioventricular valve; AVVR, atrioventricular valve regurgitation; SPS,
systemic-to-pulmonary artery shunt. Bold: statistically significant.

Figure 4: Catheter and surgical interventions on PA after SPS. PA, pulmonary artery; SPS, systemic-to-
pulmonary artery shunt; BCPS, bidirectional cavopulmonary shunt
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3.6 Adverse Events after TCPC
TCPC was performed in 20 patients. The median follow-up period after TCPC was 8.1 years. Adverse

events occurred in seven patients, including death in one, intervention for pulmonary arteriovenous

Figure 5: Computed tomography and PA angiography in a patient with PA coarctation (upper case) and a
patient with non-confluent PA (lower case) who underwent primary central PA plasty. In the patient with PA
coarctation, balloon angioplasty was performed after SPS for right PA stenosis. SPS, systemic-to-pulmonary
artery shunt; PA, pulmonary artery; BCPS, bidirectional cavopulmonary shunt

Figure 6: The PA index before SPS and BCPS stratified by PA abnormalities and history of primary central
PA plasty. PA Coa, pulmonary artery coarctation; PA, pulmonary artery; PAP, pulmonary artery plasty; SPS,
systemic-to-pulmonary artery shunt; BCPS, bidirectional cavopulmonary shunt
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malformation (PAVM) in three (coil embolization in two and hepatic vein redirection in one), and surgical
intervention for the development of PVO in three. The adverse event-free survival rate after TCPC was
80% at 5 years and 69% at 10 years. The detailed data of patients’ data who developed adverse events
after TCPC are shown in Table 4. Patient 1 had right PVO and died suddenly at home 3 years after
TCPC. Patients 2 and 3 developed severe hypoxia due to PAVM after TCPC and underwent coil
embolization. Both of these patients had right isomerism without inferior vena cava (IVC) interruption. In
Patient 2, angiography after TCPC showed right-dominant IVC blood flow and bilateral PAVM. In
Patient 3, angiography showed left-dominant IVC blood flow and left-sided PAVM (Fig. 7). Patients
4 and 5 developed PVO due to compression of the extracardiac conduit. They underwent conduit
replacement 3 and 5 months after TCPC, respectively and the PVO was relieved. Patient 6 had
intracardiac TAPVC and PVO that developed secondary due to membranous obstruction of the
pulmonary venous orifice. The patient underwent a surgical resection of the membrane 1 year after
TCPC, and the PVO was successfully relieved. Patient 7 had left isomerism with IVC interruption. He
developed severe hypoxia due to PAVM and redirection of the hepatic vein to the azygous vein was
performed 14 years after TCPC. The hemodynamic characteristics before TCPC were compared between
patients with and without adverse events after TCPC (Table 5). The B-type natriuretic peptide (BNP)
concentration was significantly higher in patients with than without adverse events (p = 0.02).

4 Discussion

The present study demonstrated that PVO at the time of TAPVC repair for extracardiac TAPVC was
significantly associated with mortality after SPS in patients who had heterotaxy syndrome with a single
ventricle. Catheter and surgical PA interventions were frequently needed after SPS in patients with PA
coarctation or non-confluent PAs, with or without primary central PA plasty. In our 20-year experience,
65% of patients achieved TCPC, and the adverse event-free survival rate after TCPC was 69% at
10 years. The development of PVO and PAVM were the major issues after TCPC.

Table 4: Adverse events after total cavopulmonary connection

Patient
No.

PA TAPVC SPS BCPS Fenestration at
TCPC

Adverse event

1 PA
coarctation

4 TAPVC repair, PAP,
lt. SPS

BDG, PAP,
CAVVP

+ Sudden death

2 PA
coarctation

2b lt. mBTS BDG, PAP – PAVM

3 PA
coarctation

– rt. mBTS BDG – PAVM

4 PA
coarctation

2b lt. mBTS BDG, PAP + PVO

5 Normal
PA

– rt. mBTS bil. BDG,
CAVVP

+ PVO, Plastic
bronchitis

6 Normal
PA

2b rt. mBTS bil. BDG,
DKS

– PVO, PLE

7 Normal
PA

– lt. mBTS TCPS – PAVM

Note: PA, pulmonary artery; TAPVC, total anomalous pulmonary venous connection; PAP, pulmonary artery plasty; CAVVP, common
atrioventricular valve plasty; BDG, bidirectional Glenn; DKS, Damus–Kaye–Stansel; TCPS, total cavopulmonary shunt; PAVM, pulmonary
arteriovenous malformation; PVO, pulmonary venous obstruction; PLE, protein losing enteropathy.
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Outcomes of SPS for a single ventricular heart in patients with extracardiac TAPVC were recently
reported by a research group from Fukuoka, Japan. According to their report, the mortality rate before
BCPS was 54% and the main causes of death were PVO and infection. The factors associated with death
were preoperative PVO and simultaneous SPS and TAPVC repair [5]. Difficulty regulating pulmonary
blood flow results in worse outcomes of SPS for patients who have a single ventricle with extracardiac
TAPVC, especially in the setting of simultaneous SPS and TAPVC repair. Commonly, these patients have
preoperative PVO and suboptimal lung conditions. Moreover, a histologic examination during autopsy in
patients with TAPVC revealed that the pulmonary veins were markedly dilated with increased wall
thickness even in the absence of clinical evidence of PVO [6]. The sutureless technique, originally
designed as a surgical strategy for PVO after TAPVC repair, has been reported to be effective as a
primary procedure to prevent recurrence of PVO and improve survival [7,8]. Although we began using
the sutureless technique for primary TAPVC repair in 2012, preoperative PVO remains a significant risk
factor for mortality. Delayed TAPVC repair using primary draining vein stenting has been proposed to
improve outcomes of patients with obstructive TAPVC and a functional single ventricle, which should be
considered when treating this group of patients [9,10].

Figure 7: IVC angiography in patients who developed PAVM after TCPC. (A) Bilateral PAVM in a patient
with right-dominant IVC blood flow. (B) Left PAVM in a patient with left-dominant IVC blood flow. White
arrows indicate PAVM

Table 5: Hemodynamic characteristics before TCPC

Variables Adverse events (+) Adverse events (−) p value
N = 7 N = 13

BNP (pg/ml) 47 (42–56) 27 (19–36) 0.02

Mean PA pressure (mmHg) 11 (10–15) 10 (9–12) 0.16

SV end-diastolic pressure (mmHg) 6 (4–7) 7 (6–8) 0.24

PA index (mm2/m2) 193 (168–212) 202 (178–264) 0.28
Note: BNP, brain natriuretic peptide; PA, pulmonary artery; SV, single ventricular, Bold: statistically significant.
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PA coarctation may cause hypoplasia or even atresia of the branch PA, resulting in unbalanced PA
growth. Several authors have described the utility of primary central PA reconstruction with SPS to avoid
an unbalanced PA bed [11–15]. Sakamoto et al. [15] emphasized the importance of complete resection of
ductal tissue during SPS. Although it is ideal to achieve balanced PA growth by performing primary
central PA plasty, the drawbacks of this technique are undesirable effect of cardiopulmonary bypass on
the change in pulmonary vascular resistance and the technical difficulty of PA plasty in early infancy. A
recent study showed that primary central PA plasty and complete resection of ductal tissue did not
contribute to catch-up growth of the PA [16]. Our study showed that the surgical outcomes were
comparable in patients who underwent SPS with and without central PA plasty. Primary central PA plasty
seems to be ideal for obtaining balanced PA growth after SPS; however, further investigation is warranted
to determine the optimal surgical management strategy to deal with PA coarctation and non-confluent PAs
in patients with functional single ventricle and heterotaxy syndrome.

The mechanism underlying development of PAVM has yet to be fully elucidated. The development of
PAVM is presumed to be related to diversion of hepatic venous flow away from the pulmonary circulation.
However, Kwon et al. [17] reported the development of PAVM after TCPC in patients with a normal
distribution of hepatic effluent flow, as observed in two of our patients, suggesting the involvement of
non-hepatic factors. The multiple forms of pulmonary venous connections in patients with heterotaxy
syndrome can cause PVO after TCPC secondary to compression of the conduit. Our group previously
described 12 patients with right isomerism who developed PVO after TCPC secondary to compression of
the conduit [18]. In patients with ipsilateral locations of the conduit and pulmonary venous orifice, late
development of PVO should be carefully followed up.

The present study revealed that BNP was the sole factor associated with adverse events after TCPC.

Previous studies have demonstrated the utility of the preoperative BNP levels as a predictor of
postoperative outcomes in patients undergoing TCPC [19,20]. Radman et al. [19] reported that a
preoperative BNP concentration >40 pg/mL was highly associated with the need for TCPC takedown. In
Taiwan, Lin et al. [20] recently reported that the preoperative log10NT-proBNP level was an independent
predictor of post-TCPC adverse events, including Fontan failure, rehospitalization for heart failure, and
tachyarrhythmias [20]. Our results are consistent with these previous reports. Patients with heterotaxy
who have a high preoperative BNP levels should be closely followed up for the development of serious
complications after TCPC.

The present study is limited by its retrospective nature and small number of patients with heterogeneous
characteristics over a long study period. Thus, the statistical analysis may not have sufficient power to draw
firm conclusions. Although a significant impact of extracardiac TAPVC on survival was shown in the present
study, the impacts of AVV regurgitation and arrhythmia in this patient population should be determined using
a larger cohort. Because of the small sample size, we were unable to elucidate the cause of adverse events
after TCPC.

5 Conclusion

PVO at TAPVC repair for extracardiac TAPVC was significantly associated with death after SPS in
patients who had heterotaxy syndrome with a single ventricle. Based on our findings, new therapeutic
strategies such as delayed TAPVC repair using primary draining vein stenting should be considered and
further studies are warranted to determine the efficacy of this strategy. Surgical interventions on the PA
were frequently required after SPS in patients with PA coarctation or non-confluent PAs, with or without
primary central PA plasty. Although satisfactory survival rates were achieved after TCPC, late-onset
PAVM and PVO remain concerns.
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