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ABSTRACT

Objectives: To establish long-term outcome of surgical pulmonary valve replacement (PVR) in congenital heart
disease (CHD) and to identify risk factors for overall mortality, operative mortality, and repetitive PVR. Methods:
This is a retrospective study of 375 surgical PVR in 293 patients who underwent surgical PVR for CHD between
January 2000 and May 2020. We only included patients with index PVR with previous open-heart surgery regard-
less of the number of PVRs. The previous surgical history of patients who underwent PVR during the study per-
iod was also included. Patients who underwent the Rastelli operation, and those who underwent single PVR
without previous open-heart surgery were excluded. Results: The median age of the patients at the time of sur-
gical PVR was 14.9 years (Interquartile range, IQR, 11.0–22.0). The median follow-up duration was 10.5 years
(IQR, 5.5–14.8 years). There were 3 patients with operative mortality (1.0%) and 15 patients with overall mortality
(5.1%). The survival rate was 95.1% over 20 years follow-up period. Multivariate analysis demonstrated that more
than 3 times of previous open-heart surgeries before surgical PVR, older age at the first operation, longer cardi-
opulmonary bypass (CPB) time and longer intensive care unit (ICU) stay were predictors for overall mortality.
Patients who underwent surgical PVR after more than 3 times of previous open-heart surgeries had significantly
higher mortality than those who underwent open-heart surgeries less than 3 times (P < 0.001). Age younger than
10 years, male, multiple valve problems and longer ICU stay were significant predictors for repetitive PVR by
multivariate analysis. Conclusions: Though surgical PVR has excellent long-term outcome, it should be per-
formed with caution for those who previously underwent multiple open-heart surgeries, especially if patient
received more than 3 times of open-heart surgeries.
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1 Introduction

As the adult congenital heart disease (ACHD) population grows, re-operation and long-term
complications of previously corrected cardiac lesions have become evident [1]. Surgical palliation of
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many forms of complex congenital heart disease (CHD), including tetralogy of Fallot (TOF), double-outlet
right ventricle (DORV), and transposition of the great arteries, commonly involves reconstruction of the right
ventricular outflow tract (RVOT) [2]. Pulmonary valve replacement (PVR) is the most common reoperation
in ACHD and is frequently required when pulmonary regurgitation (PR) gradually progresses even after the
original lesions being corrected [3]. Although the majority of patients with significant PR could be
asymptomatic for many years, they remain at risk for progressive right ventricular (RV) dilatation and
reduced ventricular function, development of arrhythmia, or sudden death [4]. PVR in these patients has
previously been demonstrated to significantly improve RV function [5,6].

Among the various valve substitutes for PVR, bioprosthetic valves are the most widely used because
they are readily available and do not need permanent anticoagulation therapy in the low-pressure RV [7].
Several types of bioprosthetic valves have been used for surgical PVR, but all are prone to be failed and
will likely require reintervention [8]. Although surgical PVR is the most common reoperation in ACHD,
long-term outcomes and prognostic factors for surgical PVR in CHD have not yet been clearly defined.
In this study, we aimed to establish long-term survival data of surgical PVR for CHD and to identify risk
factors for overall mortality including operative mortality, and repetitive PVR.

2 Materials and Methods

2.1 Patients
We conducted a retrospective study of 375 surgical PVR in 293 consecutive patients who underwent

surgical PVR for CHD in the Seoul National University Children’s Hospital between January 2000 and
May 2020. We included patients with index PVR with previous open-heart surgery regardless of the
number of PVRs. The previous surgical history of patients who underwent PVR during the study period
was also included. In addition, surgeries only performed by congenital heart surgeons were included.
Patients who underwent the Rastelli operation, and those who underwent single PVR without previous
open-heart surgery were excluded.

2.2 Data Collection
Demographic, clinical, peri-operative and imaging data were obtained from the patients’ medical

records. We collected data including patients’ age, sex, diagnosis, prior procedures, comorbidities, type
and size of valve, operation time, cardiopulmonary bypass (CPB) and aortic cross clamp (ACC) time,
duration of intensive care unit (ICU) and hospital stay. The type of implanted valve and other specifics of
the surgical procedures were obtained from the operative reports. This study used clinical data retrieved
from Seoul National University Hospital Patients Research Environment (SUPREME) system and was
approved by the Institutional Review Board of the Seoul National University Hospital (IRB number:
1908-081-1054, approved date: September 6th, 2019).

The individual data linkage to mortality data was made under agreement between the National Health
Insurance Service and Statistics Korea. After internal linkage processes in Statistics Korea, aggregate data
without any personal identifiers were transferred to the researchers of this study for final analyses.

2.3 Definition and Outcomes
Open heart surgery (OHS) was defined as a surgery in which the thoracic cavity is opened to expose the

heart and the blood is recirculated and oxygenated by a heart-lung machine. Complex TOF was defined as
TOF with other congenital structural malformation such as major aortopulmonary collateral artery, absent
pulmonary valve or pulmonary atresia. Overall mortality was defined as all deaths occurring after the
index PVR with any cause. Operative mortality was defined as (1) all deaths occurring during
hospitalization in which the operation was performed, even if after 30 days, and (2) after 30 days during
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the same hospitalization subsequent to the operation [9,10]. Pre-operation left ventricle (LV) dysfuction was
defined as ejection fraction (EF) <50% as measured by echocardiography.

The primary outcome of this study was to reveal patients’ survival data and risk factor for mortality or
operative mortality. The second outcome of this study was to find long-term outcome for repetitive surgical
PVR and risk factor for repetitive surgical PVR.

2.4 Data Analysis
Data were expressed as median and interquartile range (IQR). Continuous variables were analyzed using

Wilcoxon rank-sum test and discrete variables were analyzed using chi-square tests. To select candidate
factors for independent variables to be included in the Cox model, the continuous variables were checked
to determine if the proportional risk assumption was satisfied using restricted cubic splines. For
categorical variables, the proportional risk assumption was confirmed by using a log-log (survival) plot or
from the interaction with the time variable. Only the variables that satisfied the proportional risk
assumption were analyzed.

Univariate and multivariate analysis, reported as hazard ratios (HRs) with 95% confidence intervals
(CIs), were carried out for risk factors of mortality and repetitive PVR. The survival rates of each group
were compared using the log-rank test. As appropriate, P < 0.05 was considered statistically significant.
All data analyses were performed using SAS (9.4 Version; SAS Institute Inc., Cary, NC, USA). This
study was supported by the Medical Research Collaborating Center at Seoul National University College
of Medicine and Seoul National University Hospital.

3 Results

3.1 Patient Characteristics
The demographic characteristics of the patients were described in Table 1. Overall, 293 patients were

found to have undergone surgical PVR during the study period at a median age of 14.9 years (IQR, 11.0–
22.0 years). The median age of the patients at initial open-heart surgery was 12 months (IQR, 7–
21 months) and the median interval between initial open-heart surgery and first PVR was 146 months
(range, 105.8–215.8 months). Of the total study participants, 99 were women (33.8%). The most common
fundamental diagnosis was TOF (n = 244, 83.3%); among which, 215 cases were simple TOF and
29 cases were complex TOF. The median duration of ICU stay was 3 days (IQR, 2–4 days), the mean
hospital stay was 12 days (IQR, 10–17 days), and the median follow-up duration was 10.5 years (IQR,
5.4–14.8 years).

Table 1: Demographic characteristics of the patients

Male/Female 194/99

Fundamental diagnosis

Simple TOF 215

Complex TOF 29

TGA 16

DORV 16

Congenital valve malformation 8

Others 9

Associated syndrome
(Continued)
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3.2 Surgical Pulmonary Valve Replacement
The surgical PVR data were summarized in Table 2. PVR was performed through a median sternotomy

on cardiopulmonary bypass with mild hypothermia. Aortic cross-clamping was used or not dependent on
each surgeon’s preference or concomitant procedures. The median operation time was 385 min (IQR,
328.5–460 min), the median CPB time was 152 min (IQR, 122.5–192.5 min), and the median ACC time
was 78.5 min (IQR, 53.3–108.5 min). The most commonly used valve was the tissue valve (n = 368,
98.1%), and among them, the stented bioprosthetic porcine valve was the most commonly used valve
(n = 270, 73.4%). The most commonly performed concomitant procedure was RVOT surgery including
pulmonary artery angioplasty (n = 261, 81.6%).

Table 1 (continued)

CATCH 22 16

Age at PVR (year) 14.9(11.0–22.0)

Age at initial open-heart surgery (month) 12(7–21)

Interval between initial open-heart surgery and 1st PVR (month) 146(105.8–215.8)

Duration of intensive care unit stay (day) 3(2–4)

Duration of hospital stay (day) 12(10–17)

Follow up duration (years) 10.5(5.5–14.8)
Notes: Continuous variables were described as median and interquartile range.

TOF, tetralogy of Fallot; DORV, double outlet right ventricle; TGA, transposition of great arteries; PVR, pulmonary valve
replacement; ICU, Intensive care unit.

Table 2: Surgical pulmonary valve replacement data

Operation time (min) 385(328.5–460)

CPB time (min) 152(122.5–192.5)

ACC time (min) 78.5(53.3–108.5)

Type of Prosthetic pulmonary valve (N)

Mechanical valve 7

Tissue valve 368

Stented porcine valve 270(73.4%)

Stented bovine pericardial valve 74(20.1%)

PTFE bicuspid valve 8(2.2%)

Homograft valve 5(1.4%)

Stentless porcine valve 3(0.8%)

Other valves 8(2.2%)

Size of prosthetic pulmonary valve (median, range)

Mechanical valve, mm 25(23–27)

Tissue valve, mm 25(12–29)
(Continued)
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3.3 Follow-Up Outcomes and Comorbidity
The outcomes and comorbidities of surgical PVR were summarized in Table 3. There were 3 patients

with operative mortality and all three mortality cases were occurred during hospitalization in which the
operation was performed, even if one of them was occurred after 30 days. The characteristics of the
patients with operative mortality were summarized in Table 4. There was no additional death within
30 days after hospital discharge and the total number of mortalities during follow-up were 15. The
characteristics of overall patients, overall mortality patients, and survived patients were summarized in
Table 5. The survival rate was 95.1% over a 20-year follow-up period. (Fig. 1) There were 89 re-
interventions, of which 80 were surgical PVR and 9 were percutaneous PVR. Seventy-four patients (74/
293, 25.3%) had comorbidities from the initial open-heart surgery until the PVR and 22 patients (22/74,
29.7%) had multiple comorbidities. Most common comorbidity was liver disease (18/74, 24.3%).

Table 2 (continued)

Concomitant procedures

RVOT surgery 261(81.6%)

TVP or TAP or TVR 71(22.2%)

Residual ASD or VSD closure 29(9.1%)

Right side cryoablation 28(8.8%)

AVP or AVR 13(4.1%)

Pacemaker insertion 7(2.2%)

Vegetation removal or thrombus removal 7(2.2%)

MVP or MAP or MVR 5(1.6%)

Arch repair 2(0.6%)

Others 9(2.8%)
Notes: Continuous variables except valve size were described as median and interquartile range.
CPB, cardiopulmonary bypass; ACC, Aortic cross-clamping; PVR, pulmonary valve replacement;
RVOT, right ventricular outflow tract; TVP, tricuspid valvuloplasty; TAP, tricuspid annuloplasty;
TVR, tricuspid valve replacement; ASD, atrial septal defect; VSD, ventricular septal defect; AVP,
aortic valvuloplasty; AVR, aortic valve replacement; MVP, mitral valvuloplasty; MAP, mitral
annuloplasty; MVR, mitral valve replacement.

Table 3: Outcomes and comorbidity for surgical pulmonary valve replacement

Primary outcome

Total mortality 15

Operative mortality 3

Second outcome

Surgical re-do PVR 80

Percutaneous re-do PVR 9

Morbidity

None, n (%) 219/293(74.7)

Multiple comorbidities, n (%) 22/74(29.7)
(Continued)
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Table 3 (continued)

Liver, n (%) 18/74(24.3)

Endocrine, n (%) 14/74(18.9)

Brain, n (%) 13/74(17.6)

Kidney, n (%) 10/74(13.5)

Lung, n (%) 8/74(10.8)

Psychotic problem, n (%) 7/74(9.5)

Haemato-oncologic problem, n (%) 5/74(6.8)

Other, n (%) 23/74(31.1)
Note: PVR, pulmonary valve replacement.

Table 4: Patient characteristics of operative mortality

Patient 1 Patient 2 Patient 3

Age (years) 24 19 23

Sex Male Female Female

Fundamental diagnosis TOF DORV TOF absent pulmonary valve
syndrome

Previous OHS number 2 4 2

Cause of re-operation PR and PS
aggravation

Prosthetic valve failure Homograft failure

CPB weaning No No Yes

Central ECMO support Yes Yes No

Re-exploration for
bleeding after cardiac
surgery

No Yes No

Intra-operative event Ascending aorta
tear

Aorta, RA free wall
rupture during
dissection
Massive bleeding from
RV-PA anastomosis
site

LA tear

Cause of death Excessive post-
operative
bleeding
Multi-organ
failure

Excessive post-
operative bleeding
Disseminated
intravascular
coagulation

Post-operative diffuse brain damage
Disseminated intravascular
coagulation

Time of death POD #3 POD #12 POD #103
Note: TOF, Tetralogy of Fallot; DORV, Double-outlet right ventricle; OHS, Open heart surgery; PR, Pulmonary regurgitation; PS, Pulmonary stenosis;
CPB, Cardiopulmonary bypass; ECMO, Extracorporeal membrane oxygenation; RA, Right atrium; LA, Left atrium; RV, Right ventricle; PA,
Pulmonary artery; POD, Post-operative day.
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Table 5: Characteristics of overall patients, mortality patients and survived patients

Characteristic Overall Mortality (n = 15)
Number (percent)

Alive (n = 360) P-value

Age at PVR (yr) 14.9(11.0–22.0)
N = 375

19.4(13.0–22.8)
N = 15

14.9(11–21.9)
N = 360

0.463*

Male sex 259(69)
N = 375

12(80) 247(69) 0.410†

Simple tetralogy of fallot 250(67)
N = 375

7(47) 243(68) 0.094‡

Associated comorbidity 97(26)
N = 375

8(53) 89(25) 0.029†

No. of prior open-heart surgery before PVR
≥3

38(10)
N = 375

6(40) 32(9) 0.002†

Multiple valve problem 76(20)
N = 375

7(47) 69(19) 0.017†

Pre-operation LV dysfunction 27(10)
N = 272

1(13) 26(10) 0.572†

Pre-operation arrhythmia 100(27)
N = 371

7(47) 93(26) 0.132†

Operation era
(After 2010)

175(47)
N = 375

6(40) 169(47) 0.597‡

1st OHS age (month) 12(7–21)
N = 352

21.0(5.3–28.5)
N = 14

12(7–20)
N = 338

0.426*

1st OHS to 1st PVR interval (month) 146(105.8–215.8)
N = 352

126.5(92.3–198.3)
N = 14

146(106.3–217.3)
N = 338

0.653*

Duration of hospital stay (days) 12(10–17)
N = 366

23(13.5–29.5)
N = 15

12(10–16)
N = 351

0.008*

Duration of ICU stay (days) 3(2–4)
N = 361

6(5–11)
N = 13

3(2–4)
N = 348

<0.001*

Operation time (min) 385(328.5–460)
N = 359

480(410–623.8)
N = 14

385(325–457)
N = 345

0.004*

CPB time (min) 152(122.5–192.5)
N = 351

249.5(192.5–280.3)
N = 14

150(122–190)
N = 337

<0.001*

ACC time (min) 78.5(53.3–108.5)
N = 200

129(66.8–137)
N = 10

81(57.5–107)
N = 190

0.126*

Post operation prolonged Inotropic support
≥7 days

24(7)
N = 359

6(46) 18(5) <0.001†

Mechanical valve 7(20)
N = 375

2(13) 5(1) 0.028†

Notes: Continuous variables were described as median and interquartile range. Categorical variables were described as number (percent);
* Wilcoxon rank sum test, † Fisher’s exact test, ‡ Chi-square test.
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3.4 Prognostic Factors for Mortality of Pulmonary Valve Replacement
The characteristics of both patients and valves were assessed as potential prognostic factors for mortality

of surgical PVR and were summarized in Table 6. Statistically significant variables at the 20% significance
level in the univariate analysis were selected as independent variables to be included in the multivariate
analysis. Univariate analysis showed that the presence of comorbidity or multiple comorbidities, number
of prior open-heart surgeries before PVR, multiple valve problems, longer duration of hospital and ICU
stay, emergency operation, longer operation time, longer CPB time, prolonged post-operative inotropic
support, and use of mechanical valve were associated with mortality. Multivariate analysis demonstrated
that prior open-heart surgery at least 3 times before PVR (HR, 13.856; 95% CI, 3.519–54.555;
P < 0.001), age at the 1st operation (HR 1.018; 95% CI, 1.000–1.036; P = 0.045), longer CPB time (HR,
1.009; 95% CI, 1.004–1.013; P < 0.001) and longer ICU stay (HR, 1.073; 95% CI, 1.043–1.104;
P < 0.001) were predictors of mortality from surgical PVR.

Figure 1: Overall survival from surgical pulmonary valve replacement. The survival rate after 20 years of
follow-up was 95.1%

Table 6: Prognostic factors analysis for mortality of surgical pulmonary valve replacement

Characteristic Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

Age at PVR 1.004(0.999 – 1.008) 0.111

Sex Male (Ref)

Female 0.541(0.153–1.918) 0.342

Simple Tetralogy of Fallot Non (Ref)

Simple TOF 0.454(0.165–1.252) 0.127

Simple PVR No (Ref)

Simple PVR 0.362(0.048–2.756) 0.327

Associated comorbidity No (Ref)

Yes 3.322(1.204–9.163) 0.020*

Multiple comorbidity No (Ref)

Yes 5.557(1.898–16.269) 0.002*

No. of prior open-heart
surgery before PVR

<3 (Ref)

≥3 7.713(2.757–22.139) <0.001* 13.856(3.519–54.555) <0.001†

(Continued)
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Patients who previously underwent multiple surgical PVR and open-heart surgeries had significantly
higher mortality rates. The mortality rate increased with the number of PVR surgeries (P < 0.001,
Fig. 2A). Patients who underwent surgical PVR after at least three previous open-heart surgeries had
significantly higher mortality than those who underwent PVR with less than three (P < 0.001, Fig. 2B).

Table 6 (continued)

Characteristic Univariate analysis Multivariate analysis

HR (95% CI) P HR (95% CI) P

Multiple valve problem No (Ref)

Yes 3.421(1.240–9.434) 0.018*

Pre-operation LV dysfunction LV EF ≥
50% (ref)

LV EF <
50%

1.346(0.165–10.949) 0.781

Pre-operation arrhythmia No (Ref)

Yes 2.606(0.945–7.190) 0.064

Operation era Before 2010
(Ref)

After 2010 1.177(0.401–3.452) 0.766

1st OHS age 1.011(0.995–1.029) 0.181 1.018(1.000–1.036) 0.045†

1st OHS to 1st PVR interval 1.001(0.994–1.007) 0.881

Duration of hospital stay
(days)

1.033(1.020–1.047) <0.001*

Duration of ICU stay (days) 1.052(1.031–1.073) <0.001* 1.073(1.043–1.104) <0.001†

Emergency operation No (Ref)

Yes 19.202
(2.452–150.369)

0.005*

Operation time 1.008(1.005–1.011) <0.001*

CPB time 1.010(1.006–1.014) <0.001* 1.009(1.004–1.013) <0.001†

ACC time 1.009(1.000–1.019) 0.048*

Post operation prolonged
Inotropic support

<7 days(Ref)

≥7 days 13.309(4.468–39.649) <0.001*

Mechanical valve Tissue valve
(Ref)

Mechanical
valve

9.136(2.059–40.532) 0.004*

Notes: PVR, Pulmonary valve replacement; ICU, Intensive care unit; LV, Left ventricle; CPB, Cardiopulmonary bypass; ACC, Aortic cross-clamp;
OHS, Open-heart surgery.
*Significant univariate association.
†Significant independent risk factor for mortality of surgical pulmonary valve replacement.
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3.5 Prognostic Factors for Operative Mortality of Surgical Pulmonary Valve Replacement
We additionally performed univariate analyses to evaluate the prognostic factors for operative mortality.

The same factors as those used to evaluate hospital mortality were assessed as potential prognostic factors for
operative mortality of surgical PVR and were summarized in Appendix A. Univariate analysis showed that
longer hospital and ICU stay, longer operation time, longer CPB, and prolonged post-operative inotropic
support were associated with mortality.

3.6 Prognostic Factors for Repetitive Pulmonary Valve Replacement
The potential prognostic factors for repetitive PVR were summarized in Appendix B. Univariate

analysis showed that younger age, male sex, 1st OHS to 1st PVR interval, multiple valve problems,
duration of ICU stay were associated with repetitive PVR. Age younger than 10 years at first PVR, male,
multiple valve problems (HR, 1.883; 95% CI, 1.072–3.306; P = 0.028) and duration of ICU stay (HR
1.048; 95% CI, 1.014–1.083; P = 0.005) were predictors for repetitive PVR by multivariate analysis.

There were 80 surgical redo PVRs and 9 percutaneous re-do PVRs. Repetitive PVR was examined by
dividing the patients into three groups by age <10 years, 10–14 years, and ≥15 years. The group aged
<10 years had a higher incidence of repetitive PVR (P < 0.001, Appendix C).

4 Discussion

As the ACHD population grows, it is becoming increasingly important to identify patients at the greatest
risk for mortality and repetitive operations. PVR is a frequently performed procedure in the field of
congenital heart surgery and is the most common cardiac operation and reoperation performed in adults
with CHD [3,11]. Our study primarily focused on determining the long-term outcome and potential risk
factors contributing to mortality and repetitive PVR after surgical PVR. This study showed good
operative long-term outcomes of surgical PVR (95.1% survival rate over a follow-up period of 20 years)
although there were 3 operative mortalities. The increasing number of prior open-heart surgeries, age at
the OHS, longer ICU stay, and longer CPB time were risk factors for mortality after surgical PVR. In

Figure 2: Log rank analysis of mortality after surgical PVR stratified by number of PVR (2A) and number of
open-heart surgeries (2B). The mortality rate increased with the number of PVR surgeries (P < 0.001). In
addition, patients who underwent PVR after 3 or more previous open-heart surgeries had significantly
higher mortality than those underwent open-heart surgeries less than 3 times (P < 0.001).
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addition, the presence of multiple valve problems, longer ICU stay, younger age, and male sex were risk
factors for redo PVR.

In our study, an increase in the number of prior open-heart surgeries was one of the main risk factors for
mortality. This might be related to repetitive sternotomies and open-heart surgeries which increase the
difficulty of surgery and CPB time. Although the Texas Children’s Hospital reported excellent results on
repeat sternotomy in congenital heart surgery and concluded that repeat sternotomy was no longer a risk
factor for morbidity or mortality [12], other groups have reported that an increase in the number of
sternotomies was associated with an increase in operative mortality [11,13,14]. In addition, Giamberti
et al. [15], in their study of 164 adults with CHD who underwent cardiac reoperations, reported that post-
operative morbidity was associated with the number of previous operations. The median number of
previous open-heart operations for mortality cases in our study (n = 15) was 2 (range, 1–5).

Patients with adverse events had a significantly longer duration of ICU stay. It is common finding in the
literature and self-explanatory that the occurrence of post-operative complications after congenital heart
surgery is associated with prolonged ICU stay [16]. We also found that overall mortality after PVR was
associated with longer CPB time, although most cases of mortality were noted more than 30 days after
PVR in our study. Longer CPB time is a well-known independent risk factor for post-operative
complications after congenital heart surgery [15,17,18]. In the case of performing concomitant operation
as well as simple PVR, the CPB time was longer, which means that the difficulty of the surgery increases
CPB time and may be related with an increase in mortality. Simple PVR was not a statistically significant
risk factor for operative mortality. However, among patients who received simple PVR, none showed
operative mortality. This is possibly due to the small number of operative mortality cases (n = 3). We
hope that further studies will reveal the relationship between simple PVR and operative mortality.

It turns out from univariate and multivariate analysis of prognostic factor analysis for repetitive PVR that
repetitive PVR is closely related with multiple valve problems, and that the tricuspid valve is the most
commonly involved in this problem. This result implies that the hemodynamic interaction between the
valve lesions increases the hemodynamic burden to the replaced valve, which leads to shortening the
durability of the replaced valve. It is worthy to note that, as compared with the patients with single valve
problem, the patients with multiple valve problems are younger and have more multiple comorbidities,
heart dysfunction, but the less simple-TOF and single PVR. This indicates that patients in the multiple
valve problem group had more severe disease than those in the single valve problem group.

To improve long-term outcomes of PVR, percutaneous pulmonary valve implantation (PPVI) has
recently emerged as an alternative treatment option for failed bioprosthetic valves [19]. Indications for
PPVI are the same as for surgical interventions on pulmonary valve, with limits related to the maximum
diameter of the available percutaneous prosthesis. Seven-year outcomes of the United States
investigational device exemption trial of the Melody transcatheter pulmonary valve showed a high rate of
procedural success and good clinical outcome [20]. This technique is expected to reduce the number of
operations during the lifetime of patients who have undergone bioprosthetic PVR. New valves and
developing technology are expected to extend indications to patients with very large RVOT also.
However, a careful anatomical and hemodynamic assessment is mandatory in order to select good
candidates for PPVI [21].

The present study was limited by its retrospective nature. In addition, statistical significance is likely to
be reduced as a result of the insufficient number of patients with mortality, especially operative mortality.

5 Conclusions

As the ACHD population grows, repetitive PVR is inevitable and helpful for the patient with problems
in pulmonary valve. Though surgical PVR has excellent long-term outcome, it should be performed with
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caution for those who previously underwent multiple open-heart surgeries, especially if the patient received
more than 3 times of open-heart surgeries. PPVI is expected to reduce the total number of operations during
lifetime of patients who have undergone bioprosthetic PVR.
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Appendix A: Prognostic factors analysis for operative mortality of surgical pulmonary valve replacement

Characteristic Univariate analysis

HR (95% CI) P-value

Age at PVR 1.005(0.997–1.013) 0.253

Sex Male (Ref)

Female 1.102(0.100–12.152) 0.937

Simple Tetralogy of Fallot Non (Ref)

Simple TOF 1.010(0.092–11.133) 0.994

Simple PVR§ No (Ref)

Simple PVR 0.801(0.026–24.518) 0.899

Associated comorbidity No (Ref)

Yes 1.450(1.131–15.986) 0.762

Multiple comorbidity No (Ref)

Yes 5.561(0.504–61.346) 0.161

No. of prior open-heart surgery before PVR <3 (Ref)

≥3 4.570(0.414–50.413) 0.215

Multiple valve problem No (Ref)

Yes 7.956(0.721–87.746) 0.090

Pre-operation LV dysfunction§ LV EF ≥50% (ref)

LV EF <50% 1.333(0.043–40.845) 0.869

Pre-operation arrhythmia No (Ref)

Yes 5.556(0.504–61.282) 0.162

Operation era§ Before 2010 (Ref)

After 2010 21.856(0.70–679.76) 0.079

1st OHS age 0.901(0.750–1.082) 0.265

1st OHS to 1st PVR interval 1.001(0.987–1.014) 0.929

Duration of hospital stay (days) 1.030(1.006–1.055) <0.015*

Duration of ICU stay (days) 1.054(1.029–1.079) <0.001*

Operation time 1.011(1.005–1.016) <0.001*

CPB time 1.012(1.006–1.018) <0.001*

ACC time 1.017(0.999–1.035) 0.057

Post operation prolonged inotropics support <7 days (Ref)

≥7 days 28.061(2.54–309.48) <0.007*

Mechanical valve§ Tissue valve (Ref)

Mechanical valve 7.438(0.24–227.88) 0.251
Note: PVR, Pulmonary valve replacement; ICU, Intensive care unit; LV, Left ventricle; CPB, Cardiopulmonary bypass; ACC, Aortic cross-clamp;
OHS, Open-heart surgery.
* Significant univariate association.
§Firth correction.
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Appendix B: Prognostic factors analysis for repeat pulmonary valve replacement

Characteristic Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value

Age 0.989(0.985–0.992) <0.001*

Age grade <10 years
(Ref)

10–15 years 0.331(0.206–0.533) <0.001* 0.398(0.232–0.684) 0.001†

>15 years 0.124(0.062–0.250) <0.001* 0.169(0.077–0.368) <0.001†

1st operation age 0.995(0.983–1.008) 0.450

Operation era Before 2010
(Ref)

After 2010 0.605(0.287–1.277) 0.187

Sex Male (Ref)

Female 0.385(0.218–0.678) 0.001* 0.245(0.115–0.524) <0.001†

1st OHS to 1st PVR interval 0.991(0.987–0.994) <0.001*

Simple Tetralogy of Fallot Non (Ref)

Simple TOF 0.824(0.525–1.294) 0.401

Simple PVR No (Ref)

Simple PVR 1.136(0.646–1.998) 0.657

Associated comorbidity No (Ref)

Yes 0.975(0.598–1.589) 0.918

Multiple comorbidity No (Ref)

Yes 1.702(0.876–3.307) 0.117

No. of prior open-heart
surgery before PVR

<3 (Ref)

≥3 1.183(0.513–2.732) 0.693

Multiple valve problem No (Ref)

Yes 1.727(1.055–2.827) 0.030* 1.883(1.072–3.306) 0.028†

Pre-operation LV dysfunction LV EF ≥
50% (ref)

LV EF <
50%

0.811(0.241–2.729) 0.736

Pre-operation arrhythmia No (Ref)

Yes 1.236(0.757–2.018) 0.398

Duration of hospital stay
(days)

1.005(0.991–1.020) 0.498

Duration of ICU stay (days) 1.043(1.010–1.078) 0.010* 1.048(1.014–1.083) 0.005†

CPB time 1.000(0.997–1.003) 0.981

ACC time 1.000(0.992–1.008) 0.919

(Continued)
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Appendix B (continued)

Characteristic Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value

Post operation prolonged
inotropics support

<7 days
(Ref)

≥7 days 1.418(0.569–3.537) 0.454

Mechanical valve Tissue valve
(Ref)

Mechanical
valve

0.258(0.016–4.270) 0.344

Notes: RV, right ventricle; EF, ejection fraction; ICU, intensive care unit; CPB, cardiopulmonary bypass; ACC, aortic cross-clamp; OHS, Open-heart
surgery.
*Significant univariate association.
†Significant independent risk factor for repetitive pulmonary valve replacement.

Appendix C: Log rank test of redo PVR after repetitive surgical PVR. The repetitive PVR was examined by
dividing the patients into three groups by age: <10 years, 10–14 years, and ≥15 years. The <10 years group
had a higher incidence of repetitive PVR (P < 0.001)
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