
Surgical Repair of Ventricular Septal Defect in Neonates: Indications and
Outcomes

Jae Hong Lee1, Sungkyu Cho2,*, Jae Gun Kwak2, HyeWon Kwon2, Woong-Han Kim2, Mi Kyoung Song3,
Sang-Yun Lee3, Gi Beom Kim3 and Eun Jung Bae3

1Department of Thoracic and Cardiovascular Surgery, Research Institute for Convergence of Biomedical Science and Technology,
Pusan National University Yangsan Hospital, Yangsan, Korea
2Department of Thoracic and Cardiovascular Surgery, Seoul National University Children’s Hospital, Seoul, Korea
3Department of Pediatrics, Seoul National University Children’s Hospital, Seoul, Korea
*Corresponding Author: Sungkyu Cho. Email: csk1022@hanmail.net

Received: 18 August 2023 Accepted: 23 January 2024 Published: 20 March 2024

ABSTRACT

Background: The optimal surgical timing and clinical outcomes of ventricular septal defect (VSD) closure in neo-
nates remain unclear. We aimed to evaluate the clinical outcomes of VSD closure in neonates (age ≤ 30 days).
Methods: We retrospectively reviewed 50 consecutive neonates who underwent VSD closure for isolated VSDs
between August 2003 and June 2021. Indications for the procedure included congestive heart failure/failure to
thrive and pulmonary hypertension. Major adverse events (MAEs) were defined as the composite of all-cause
mortality, reoperation, persistent atrioventricular block, and significant (≥grade 2) valvular dysfunction. Results:
The median age and body weight at operation were 26.0 days (interquartile range [IQR], 18.8–28.3) and 3.7 kg
(IQR, 3.3–4.2), respectively. The median follow-up duration was 110.4 months (IQR, 56.8–165.0). Seven patients
required preoperative respiratory support, and five had significant (≥grade 2) preoperative valvular dysfunction.
One early mortality occurred due to irreversible cardiogenic shock; no late mortality was observed. One reopera-
tion was due to hemodynamically significant residual VSD at 103.8 months postoperatively. The overall survival,
freedom from reoperation, and freedom from MAE at 15-years were 98.0%, 96.3%, and 94.4%, respectively. Pre-
operative mechanical ventilation was associated with a longer duration of postoperative mechanical ventilation
(p < 0.001) and a longer length of intensive care unit stay (p < 0.001). Conclusions: VSD closure with favorable
outcomes without morbidities is feasible even in neonates. However, neonates requiring preoperative respiratory
support may require careful postoperative management considering the long-term postoperative risks. Overall,
surgical VSD closure might be indicated earlier in neonates with respiratory compromise.
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1 Introduction

Surgical treatment for ventricular septal defect (VSD) is the most commonly performed procedure in
pediatric cardiac surgery and has shown excellent clinical outcomes due to advances in technology,
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surgical technique, and postoperative management [1–3]. Consequently, surgical VSD closure is now
performed in even younger patients [4].

Although postponing surgical treatment in neonates with symptomatic VSD may improve accessibility
and convenience of surgical treatment, optimally timed early surgery for VSD can reduce the duration of
therapy required to prevent heart failure, maintain growth, and minimize exposure to increased pulmonary
pressures [4]. Moreover, a previous study revealed that early surgical repair (<3 months) of isolated
VSDs can improve outcomes in infants with severe pulmonary hypertension (PH) [5].

However, neonatal surgery remains challenging, and few recent studies have addressed the optimal
surgical timing and outcomes of isolated VSD closure in neonates. Furthermore, an ongoing debate
persists on whether to surgically close isolated VSD in neonates with significant VSD-associated
symptoms and signs or delay closure until after the neonatal period with medical treatment. Additionally,
risk factors for the adverse outcomes of VSD closure remain unclear [2–4,6]. Therefore, we aimed to
review and evaluate the clinical outcomes of symptomatic isolated VSD closure in neonates.

2 Materials and Methods

2.1 Ethical Statement
This retrospective study was approved by the Seoul National University Hospital Institutional Review

Board (approval number: H-2106-179-1230). The requirement for informed consent was waived.

2.2 Study Population and Surgical Strategy
At our institution, VSD closure was performed for 1963 patients without more complex intra-cardiac

lesions between August 2003 and June 2021. Among them, 1913 patients who underwent single-stage
VSD closure after the neonatal period (n = 1900) and palliative procedure before the VSD closure (n = 13,
four in the neonatal period and nine after the neonatal period) were excluded. Finally, we included
50 consecutive neonates (aged ≤ 30 days) who underwent isolated VSD closure in the study (Fig. 1).

Figure 1: Flowchart depicting procedures and outcomes for patients who underwent surgical VSD closure
for isolated VSD without more complex intra-cardiac lesions
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VSD size was categorized as “small” (<3 mm), “moderate” (3–5 mm), and “large” (>6 mm). In the case
of multiple VSDs, size was recorded as the sum of all sizes [2]. The diagnosis of restrictive VSD was based
on echocardiographic findings, including the ratio between VSD diameter and aortic annulus diameter
(<1/3), the pressure gradient between both ventricles (>60 mmHg), and VSD peak velocity (>4 m/s).
Additionally, moderately restrictive VSD was diagnosed as VSD with the ratio between VSD diameter
and aortic annulus diameter (1/3–2/3), the pressure gradient between both ventricles (25–60 mmHg), and
VSD peak velocity (2.5–4 m/s) [7].

The indications for VSD closure in all patients were as follows: significant congestive heart failure
(CHF)/failure to thrive and PH, despite proper medical management [2]. Significant CHF/failure to thrive
was defined as symptomatic CHF of > class II based on the modified Ross classification [8,9]. The
presence of PH was assessed using transthoracic echocardiography and diagnosed when a high or
intermediate probability of PH was present based on the following guidelines: peak tricuspid regurgitation
(TR) velocity of >3.4 m/s or peak TR velocity of 2.9–3.4 m/s with/without the presence of other
echocardiographic signs suggestive of PH [10,11]. Additionally, the progression of aortic valve (AV)
deformity, which may lead to aortic regurgitation (AR) was considered to determine the appropriate
timing of surgery in consultation with cardiologists [2].

We prefer to perform single-stage VSD closure, even in neonates. However, during the same period
(between August 2003 and June 2021), pulmonary artery banding as a palliative procedure was
performed in 13 patients with multiple muscular VSDs (Swiss cheese-type VSDs) and/or left ventricular
noncompaction (n = 9). Additionally, palliative procedures were considered in patients with VSDs more
than half of the total ventricular septum (n = 2) if severe preoperative ventricular dysfunction was present
or severe postoperative ventricular dysfunction was expected. Moreover, we performed palliative
procedures in patients with contraindications for cardiopulmonary bypass (CPB), such as intracranial
hemorrhage (n = 2) (Fig. 1). We performed 13 pulmonary artery bandings as palliative procedures instead
of VSD closure in a single stage to delay VSD closure or choose an appropriate plan.

Lastly, after VSD closure, an additional concomitant mitral valve (MV) or tricuspid valve (TV) repair
was performed to reduce the degree of valvular regurgitation based on intraoperative echocardiographic
findings and saline injection test at the surgeon’s discretion.

2.3 Evaluation of Clinical Outcomes and End Points
Operative mortality was defined as death within 30 days postoperatively or during the same

hospitalization. Late mortality was defined as death following discharge. Additionally, prolonged
postoperative mechanical ventilation (PPMV) was defined as mechanical ventilation lasting ≥72 h
postoperatively [12,13].

The primary endpoint was all-cause mortality after surgery. The secondary endpoint included
reoperation and a composite of major adverse events (MAE). MAE included reoperation, left
ventricular dysfunction, and VSD closure-related events, such as hemodynamically significant residual
VSD, persistent atrioventricular block (AVB) requiring permanent pacemaker implantation, and the
presence of significant (≥grade 2) valvular lesions, which may require reoperation. Long-term surgical
outcomes, including overall survival, reoperation, and MAE, were evaluated and compared between
the neonatal group (n = 50) and the other groups (4-6-month-old group [n = 210] and infant group
[n = 1305]).

The perioperative and follow-up degrees of valvular regurgitation were evaluated using transthoracic
echocardiography based on the following guidelines: 0, none-to-trivial; 1, mild; 2, mild-to-moderate; 3,
moderate; 4, and severe [14,15]. Left ventricular dysfunction was defined as a left ventricular ejection
fraction of <50% [16]. Regular postoperative follow-ups were performed at 3–6 months intervals.
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2.4 Statistical Analysis
Continuous variables are expressed as mean ± standard deviation for normally distributed variables or

median (interquartile range [IQR]) for non-normally distributed variables. Categorical variables are
presented as frequencies (%). Normality was assessed using the Shapiro-Wilk test.

Linear regression analysis was used to identify factors associated with the duration of mechanical
ventilation and length of intensive care unit (ICU) stay. Assumptions of linear regression were examined
using a plot of residuals vs. predicted values for linearity and homoscedasticity. Additionally, histogram,
Q-Q plot, and Shapiro-Wilk test of residuals were used for normality. Furthermore, the duration of
mechanical ventilation and length of ICU stay were log-transformed for linear regression analysis due to
the right-skewed distribution. None of the plots showed evidence of violations of the linearity and
homoscedasticity assumptions for log-transformed dependent variables. Additionally, the normality
assumption was satisfied because the histograms appeared fairly bell-shaped and symmetric, the Q-Q
plots were close to linear, and the Shapiro-Wilk tests were not significant for the normality assumption.
Simple linear regression was used for an initial screening for candidate predictors. Variables with
univariate p-value < 0.1 were included in a multiple linear regression model with backward selection and
a significance threshold of <0.05. Survival and event-free survival rates were estimated using the Kaplan-
Meier method. The log-rank test was performed to compare the survival curves between the groups.

Statistical analysis was performed using the IBM SPSS statistical software (version 25.0, IBM Inc.,
Armonk, NY, USA) and the SAS statistical software (SAS System for Windows, version 9.4; SAS
Institute, Cary, NC, USA). All p-values were two-tailed, and statistical significance was set at p < 0.05.

3 Results

3.1 Baseline Characteristics and Perioperative Data
The baseline characteristics and perioperative data are summarized in Tables 1 and 2, respectively. The

median age and body weight at operation were 26 days (IQR, 19–28; range, 7–30) and 3.7 kg (IQR, 3.3–4.2;
range, 1.7–4.7), respectively. Two (4%) and four (8%) patients were born preterm and with low birth weight
(<2.5 kg), respectively. Four (8%) patients had genetic syndromes, including Down (n = 1), Edwards (n = 2),
and CATCH 22 syndromes (n = 1). Seven patients required respiratory support and were preoperatively
diagnosed with respiratory distress syndrome; three required mechanical ventilation and the others
required continuous positive airway pressure. One patient had bronchopulmonary dysplasia (BPD).
Perimembranous type VSD was the most common (n = 35, 70%), and 39 (78%) patients had large-sized
(>6 mm) VSDs. Furthermore, in two patients with multiple VSDs, a patch or direct closure was
performed at the surgeon’s discretion, depending on the status of the VSD. The median follow-up and
echocardiographic follow-up durations were 110.4 (IQR, 56.8–165.0) and 52.3 months (IQR, 0.6–112.1),
respectively.

Table 1: Baseline characteristics of patients

Variable Overall patients (N = 50)

Age at operation (days) 26 (19–28)

Body weight at operation (kg) 3.7 (3.3–4.2)

Body surface area (m2) 0.24 (0.21–0.25)

Sex

Male 29 (58)

Female 21 (42)

Preterm (gestational age <37 weeks) 2 (4)
(Continued)
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Table 1 (continued)

Variable Overall patients (N = 50)

Low birth weight (<2.5 kg) 4 (8)

Genetic syndrome 4 (8)

Down syndrome 1 (2)

Others 3 (6)

Major extracardiac anomaly 1 (2)

Respiratory distress syndrome 7 (14)

Respiratory support 7 (14)

Mechanical ventilation 3 (6)

Bronchopulmonary dysplasia 1 (2)

Follow-up duration (months) 110.4 (56.8–165.0)

Echocardiographic follow-up duration (years) 52.3 (0.6–112.1)
Note: Values are presented as median (interquartile range) for continuous data or n (%) for categorical data.

Table 2: Perioperative data of the study patients

Variable Overall patients (N = 50)

Surgical indications

Significant congestive heart failure 5 (10)

Pulmonary hypertension 6 (12)

Both 39 (78)

Pulmonary hypertension 45 (90)

Peak TR velocity >3.4 m/s (high) 40 (80)

Peak TR velocity 2.9–3.4 m/s (intermediate) 5 (10)

VSD type

Perimembranous 33 (66)

Doubly committed subarterial 12 (24)

Muscular 3 (6)

Multiple (≥2) 2 (4)

Perimembranous + apical muscular (multiple)
Muscular inlet + apical muscular (multiple)

1 (2)
1 (2)

VSD classification

Definite size 39 (78)

Large (>6 mm) 11 (22)

Medium (3–6 mm) 0 (0)

Small (<3 mm)

Hemodynamic

Restrictive 0 (0)
(Continued)
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Among the 50 patients, 39 had both significant CHF and a high/intermediate probability of PH in the
preoperative echocardiographic findings. No restrictive VSDs were found. Five patients developed
significant valvular dysfunction prior to surgery: two with significant mitral regurgitation (MR), two with
significant TR, and one patient with both significant MR and TR. Of these patients, TV repair was
performed concomitantly in three patients and MV repair was performed concomitantly in two patients.
In addition, in five patients, the hypertrophic muscle of the right ventricle was concomitantly resected at
the surgeon’s discretion based on intraoperative findings to prevent the potential development of a
double-chambered right ventricle. The median CPB and aortic cross-clamp (ACC) times were 108.5
(IQR, 94.0–128.0) and 64.0 min (IQR, 55.5–73.3), respectively.

Table 2 (continued)

Variable Overall patients (N = 50)

Moderately restrictive 5 (10)

Non-restrictive 45 (90)

Preoperative AR grade

None-to-trivial 50 (100)

Mild 0 (0)

Mild-to-moderate 0 (0)

Moderate 0 (0)

Severe 0 (0)

Preoperative MR grade

None-to-trivial 46 (92)

Mild 1 (2)

Mild-to-moderate 2 (4)

Moderate 1 (2)

Severe 0 (0)

Preoperative TR grade

None-to-trivial 33 (70)

Mild 14 (28)

Mild-to-moderate 1 (2)

Moderate 2 (4)

Severe 0 (0)

Cardiopulmonary bypass time (minutes) 108.5 (94.0–128.0)

Aortic cross-clamp time (minutes) 64.0 (56.0–73.0)

Concomitant procedures

Mitral valve repair 2 (4)

Tricuspid valve repair 3 (6)

Pulmonary valve repair 1 (2)

Right ventricle muscle resection 5 (10)
Note: Values are presented as median (interquartile range) for continuous data or n (%) for categorical data. VSD: ventricular septal defect, TR:
tricuspid regurgitation, AR: aortic regurgitation, MR: mitral regurgitation.
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3.2 Early Results
Of the 50 patients, one (2.0%) early mortality occurred in the patient with a giant omphalocele on

postoperative day 19. This patient was preterm (gestational age 29 + 3 weeks) and had a low birth weight
(1.3 kg). At the time of surgery, the patient’s age and body weight were 29 days and 1.7 kg, respectively.
Additionally, the patient had BPD that required mechanical ventilation for 29 days. The cause of death
was an irreversible cardiogenic shock, which led to multi-organ failure.

PPMVoccurred in 31 (62%) patients. The median duration of mechanical ventilation and length of ICU
stay were 87.1 h (IQR, 65.8–118.5) and 6.0 days (IQR, 4.0–8.0), respectively. The postoperative morbidities
are summarized in Table 3.

3.3 Late Results
No late mortality was observed among the early survivors (n = 49). However, one patient required

reoperation due to hemodynamically significant (Qp/Qs > 1.5:1 and right ventricular dilatation) residual
perimembranous VSD at the 103.8-month follow-up; in addition to residual VSD closure, the patient
underwent TV repair due to TR progression. In the overall cohort, the overall survival rates at 5, 10, and
15 years were 98.0%, 98.0%, and 98.0%, respectively. The rates of freedom from reoperation at 5, 10,
and 15 years were 100.0%, 96.3%, and 96.3%, respectively (Fig. 2A). At the final follow-up
echocardiographic assessment, no left ventricular dysfunction was reported except in one patient
incidentally diagnosed with dilated cardiomyopathy 49.1 months postoperatively during follow-up.
Residual VSD was observed in three patients; only one required reoperation. However, no AVBs that

Table 3: Early results

Variable Overall patients (N=50)

Early mortality 1 (2)

Postoperative complications

Cardiogenic shock requiring MCS 1 (2)

Atrioventricular block 0 (0)

Junctional ectopic tachycardia 0 (0)

Neurological 1 (2)

Respiratory 0 (0)

AKI requiring CRRT 1 (2)

Major bleeding 1 (2)

Phrenic nerve injury 1 (2)

Wound complications, including mediastinitis 3 (6)

PPMV (>72 h) 31 (62)

LV dysfunction (LV ejection fraction <50%) at discharge 0 (0)

Duration of mechanical ventilation (hours) 87.1 (65.8–118.5)

Length of intensive care unit stay (days) 6.0 (4.0–8.0)

Length of hospital stay (days) 11.0 (8.0–17.3)
Note: Values are presented as median (interquartile range) for continuous data or n (%) for categorical data. MCS: mechanical circulatory support,
AKI: acute kidney injury, CRRT: continuous renal replacement therapy, PPMV: prolonged postoperative mechanical ventilation, LV: left ventricle.
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required permanent pacemaker implantation, and no significant regurgitation, or stenosis of the AV, MV, and
TV were observed. The freedom from MAE rates at 5, 10, and 15 years were 97.5%, 94.1%, and 94.1%,
respectively (Fig. 2B). Kaplan-Meier curve showed no significant differences in overall survival,
reoperation, and MAE between the neonatal group and the other groups (4–6-month-old group and infant
group) (Figs. 3–5).

3.4 Postoperative Mechanical Ventilation and Intensive Care Unit Stay
Multiple linear regression analysis showed that preoperative mechanical ventilation was a significant

risk factor for longer postoperative mechanical ventilation (p < 0.001) and ICU stay (p < 0.001)
(Table 4). In addition, preoperative left ventricular dysfunction was a significant risk factor for longer
ICU stays (p = 0.006).

Figure 2: (A) Rate of freedom from reoperation and (B) freedom from major adverse events

Figure 3: Comparison of overall survival (A) between the neonatal and infant groups and (B) between the
neonatal and 4–6-month-old groups
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Figure 4: Comparison of freedom from reoperation (A) between the neonatal and infant groups and (B)
between the neonatal and 4–6-month-old groups

Figure 5: Comparison of major adverse events (A) between the neonatal and infant groups and (B) between
the neonatal and 4–6-month-old groups

Table 4: Results of linear regression analysis for duration of mechanical ventilation and length of intensive
care unit stay

Univariable linear regression

Duration of mechanical ventilation Length of intensive care unit stay

Estimate SE p-value Estimate SE p-value

Age at operation (days) 0.004 0.016 0.784 −0.016 0.015 0.275

Body weight at operation (kg) −0.297 0.127 0.024 −0.387 0.115 0.001

CPB time (minutes) 0.003 0.003 0.379 0.003 0.003 0.378

ACC time (minutes) 0.012 0.005 0.030 0.008 0.005 0.102
(Continued)
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4 Discussion

With multifaceted advances in technology and techniques, the number and clinical outcomes of neonatal
cardiac surgeries have increased and improved, respectively [17–21]. Therefore, surgical VSD closure is now
feasible in younger and smaller patients [4]. Although the clinical outcomes of isolated VSD closure are
excellent, neonatal surgery is still challenging. Additionally, even considering the tendency to delay
surgery for isolated VSDs in neonates to facilitate operative repair, there have been few studies on the
optimal surgical timing and outcomes of isolated VSD closure in neonates [1–3].

Hence, the optimal surgical approach for VSD in symptomatic neonates remains unclear. Previous
studies have suggested the safety and effectiveness of early surgery for symptomatic VSDs, particularly
when performed before 3 months of age in terms of PH [4,5]. These results suggest that early repair can
be performed for more favorable surgical results before PH progression. Accordingly, we aimed to
evaluate the risk-benefit of early surgery in a single stage for symptomatic isolated VSDs even in
neonates who may require surgeries instead of unnecessary aggressive medical management. Despite the
challenging task of individualized risk-benefit assessment in neonates, we focused on the potential

Table 4 (continued)

Univariable linear regression

Duration of mechanical ventilation Length of intensive care unit stay

Estimate SE p-value Estimate SE p-value

Sex

Male (reference)

Female −0.147 0.187 0.437 0.164 0.177 0.359

Preterm (GA < 37 weeks) 0.819 0.464 0.084 0.722 0.439 0.106

Low birth weight (<2.5 kg) 0.701 0.33 0.039 0.858 0.301 0.007

Genetic syndrome 0.143 0.342 0.676 0.511 0.316 0.112

Bronchopulmonary dysplasia 1.74 0.614 0.007 1.184 0.604 0.056

Respiratory distress syndrome 0.675 0.249 0.009 0.734 0.23 0.003

Preoperative MV 1.253 0.346 <0.001 1.226 0.325 <0.001

VSD size

Moderate (reference)

Large 0.032 0.224 0.888 0.043 0.212 0.842

Pulmonary hypertension 0.414 0.261 0.119 0.351 0.248 0.164

Preoperative LV dysfunction 0.400 0.470 0.399 0.992 0.425 0.024

Model (backward elimination)*

Estimate SE p-value Estimate SE p-value

Preoperative MV 1.253 0.346 <0.001 1.264 0.305 <0.001

Preoperative LV dysfunction 1.064 0.369 0.006
Note: Regression coefficients were estimated using a linear regression model for a log-transformed dependent variable. Estimate: unstandardized
coefficient, SE: standard error, CPB: cardiopulmonary bypass, ACC: aortic cross-clamp, GA: gestational age, MV: mechanical ventilation, VSD:
ventricular septal defect, LV: left ventricular. *Model with factors that are significant at p < 0.05 in a backward elimination in a multivariable
model including variables with univariate p-values < 0.1. R2 = 0.21 for the duration of mechanical ventilation, and R2 = 0.35 for the length of
intensive care unit stay.
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benefits of early surgery, including earlier definite and effective resolution of CHF and PH, and maintenance
of growth [4,5]. Although patients who require palliative procedures before VSD closure should be
considered, we expected that early VSD closure could be performed safely in neonates. In addition to its
potential benefits, early VSD closure in a single stage has proven safe in neonates, suggesting it might be
more advantageous than performing palliative procedures before VSD closure to avoid further surgeries.

The present study demonstrated two main findings. First, the surgical outcomes for isolated VSD repair
in neonates were favorable. Second, the duration of mechanical ventilation and length of stay in the ICU was
longer in patients who required preoperative mechanical ventilation.

In our study, all 50 neonates who underwent VSD closure presented signs of significant CHF (growth
failure, marked tachypnea, or marked diaphoresis with feeding) or developed PH. This suggests that patients
who underwent surgery for VSD had substantial symptoms caused by significant CHF or PH despite proper
medical management. Therefore, neonates who underwent early surgery may have been in a clinically worse
state with an abrupt exacerbation, given that surgical treatment tends to be postponed in neonates with
isolated VSDs. Nevertheless, our findings may suggest that early surgery in neonates with VSDs can be
safely performed if they have the appropriate indications for early surgery. Furthermore, early surgery can
prevent and resolve the progression of CHF and PH by optimizing hemodynamics in neonates with
symptomatic isolated VSD, which might be more beneficial than waiting until the patient’s age and body
weight become suitable for surgery. Moreover, even considering the baseline characteristics of the study
population with severe symptoms, surgical outcomes of VSD closure in neonates were excellent,
irrespective of the severity of the disease. Notably, we observed only one case of early mortality due to
intractable underlying disease and one reoperation due to residual VSD.

Several aspects are implicated in the favorable surgical outcomes of neonatal VSD closure observed in
our study. First, it is important to determine the appropriate timing of surgery with reasonable surgical
indications. Timely surgery based on a proper multidisciplinary approach involving cardiologists should
be carefully considered. In our study, the VSD surgeries were performed mostly in patients with
concurrent CHF and PH (78.0%). Although preoperative respiratory compromise affected postoperative
mechanical ventilation and ICU stay, the long-term results after VSD closure in neonates were acceptable.
Given our results, we cautiously suggest that early surgery for VSD closure should be considered before
the progression of further respiratory failure in neonates who, despite proper medical treatment, have
reached an impending compromised respiratory status following the progression of CHF or PH. Second,
developing and revising various VSD closure strategies and techniques may have yielded excellent
outcomes that were consistently maintained even in neonates. Jang et al. demonstrated the feasibility and
durability of MV repair with growth potential in patients with VSD and accompanying MR [22].
Moreover, we showed that TV detachment could be a reasonable and valid option, providing better
exposure to the VSD margin for successful VSD closure in patients with low body weight [23].
Furthermore, we have constantly attempted to improve the surgical outcomes for congenital heart disease
and have previously demonstrated the excellent effects of minimized priming volume for open heart
surgery in neonates and infants [24,25]. Consequently, these consistent efforts enabled favorable long-
term outcomes after VSD closure in neonates.

In the present study, we could not perform a risk factor analysis for survival, reoperation, and MAE
because of the shortage of cases; consequently, statistically significant results could not be obtained.
Although the basic difference from other studies, including the low body weight of neonates, should be
considered, there have been several studies on risk factors for postoperative morbidities after isolated
VSD closure. There is still debate regarding risk factors for adverse outcomes, including low body weight
at operation, genetic syndromes, or longer CPB time [2–4,6]. Although one mortality in our study
occurred in the patient with the lowest body weight (1.7 kg), the patient had a giant omphalocele, which
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could not be surgically corrected at the time. Therefore, unlike other cases, postoperative management was
considerably difficult and mortality might be mainly attributed to a giant omphalocele. In our study, residual
VSD was found in three patients during the postoperative echocardiographic follow-up. Of these three
patients, one required reoperation due to residual VSD (>5 mm), and the others with small residual VSDs
(<2 mm) did not undergo further echocardiographic follow-up as the defects were expected to close
spontaneously. These two patients developed no clinical signs suspicious of hemodynamically significant
residual VSD during follow-up.

In the present study, preoperative mechanical ventilation was strongly associated with longer
postoperative mechanical ventilation and ICU stays. However, contrary to previous studies, which
reported that lower body weight is associated with longer mechanical ventilation and ICU stay, body
weight at operation was not a statistically significant predictive factor of prolonged mechanical ventilation
and ICU stay in our study [3,6]. Notably, there have been several studies on risk factors for prolonged
mechanical ventilation following congenital heart surgery in neonates and infants [12,13,26,27]. Blinder
et al. reported that mechanical ventilation to treat cardiac failure was a significant preoperative risk factor
for a longer duration of mechanical ventilation [27]. This highlights the importance of proactive and
timely surgery for symptomatic isolated VSDs, as despite adequate medical management, longer duration
of mechanical ventilation and length of ICU stay can affect the quality of postoperative care in patients
who require mechanical ventilation for preoperative respiratory failure.

Concerning neonatal cardiac surgery, Elassal et al. reported that postoperative extracorporeal membrane
oxygenation support, postoperative intracranial hemorrhage, and acute kidney injury were significant risk
factors for mortality [21]. Additionally, older age at surgery, lower body weight, lower birth weight,
prematurity, higher complexity operations (RACHS-1), need for CPB, and necrotizing enterocolitis were
reported as risk factors for a prolonged hospital stay [21]. Butts et al. suggested that the composite
outcomes comprising clinical and laboratory signs were highly associated with early operative outcomes
in neonates undergoing CPB [18].

Lastly, despite the relatively low RACHS-1 score and the specific characteristics of our study
population, we believe that our favorable outcomes are a result of comprehensive efforts to manage the
less developed and weaker cardiac structures of neonates with care. These efforts include minimizing
CPB and ACC times, and exercising cautious perioperative care. In addition, we anticipate that our
favorable outcomes might support the safety of neonatal VSD closure.

Nevertheless, our results do not suggest that early surgery for VSD closure should be performed in
neonates. On the other hand, given the potential benefits of VSD closure, we cautiously recommend VSD
closure as a feasible option with favorable outcomes if neonates possess reasonable surgical indications
despite appropriate medical treatment.

4.1 Limitations
This study has some limitations. First, this study was a non-randomized, retrospective study with a limited

sample size conducted at a single center. Therefore, we did not compare our results with those of the groups
who underwent palliative procedures in the neonatal period during the same period. Specifically, considering
the non-identical clinical status between groups and the relatively smaller sample size of the group that
underwent the palliative procedures, the surgical outcomes of neonatal VSD closure could not be compared
with those of the group that underwent palliative procedures in the neonatal period. This is because we
were unable to statistically control baseline characteristics and perioperative data. Moreover, we could not
perform risk factor analysis for adverse outcomes such as mortality, reoperation, and MAE due to the small
number of cases. Second, due to the limited number of studies on the outcomes of neonatal cardiac
surgeries, especially surgical VSD closure for isolated VSD, it was difficult to verify and compare our
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studies with previous findings. Third, the surgical indications and techniques were not identical because the
operations were performed by several surgeons with different experiences even though they shared and
pursued the same surgical indications and strategies for VSD closure. In addition, changes over time,
including the surgeon’s experience and surgical strategies of the center following the development of
neonatal surgeries, should be considered. Fourth, our results might be biased considering the possible
differences in the baseline characteristics of patients who underwent surgery for isolated VSDs during and
after the neonatal period. This is because the patients who underwent early neonatal surgery might have
undergone surgical treatment in a more clinically critical and worse situation than patients who underwent
the procedure after the neonatal period. Fifth, pre- and postoperative catheterization data were lacking,
which were required to demonstrate the preoperative patient status and potential benefits of early VSD
closure. Lastly, potential bias may arise from variations in medical treatment strategies and the evaluation
of patient status across different centers, given that the definition of significant CHF is based on clinical
manifestations following the modified Ross classification. Therefore, despite the absence of significant
differences in clinical outcomes between the groups, the results should be generalized cautiously and long-
term studies with large sample sizes are required.

5 Conclusions

VSD closure in neonates, even when compared to infants, can be performed safely with favorable
outcomes. However, neonates requiring preoperative respiratory support may require cautious
postoperative management because of the potential risks during long-term postoperative care. Therefore,
early VSD closure might be considered without delay in symptomatic neonates with respiratory
compromise owing to the progression of CHF and PH, based on an individual risk-benefit analysis.
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