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Background: The conventional approach to revising a residual shunt following ventricular septal defect
(VSD) closure is to re-occlude the aorta and repair the residual shunt under cardioplegic arrest. The present
study evaluated the safety and effectiveness of a new approach for revising residual shunts following VSD
repair without re-occluding the aorta. This approach is known as on beating heart surgery.

Methods: This retrospective study included 80 pediatric patients who underwent surgical closure of
a simple VSD. Residual shunts larger than 2 mm were intraoperatively detected by transesophageal
echocardiography (TEE) and these patients received immediate reintervention. Of the patients, 37 received
on beating heart surgery without aortic cross-clamping (Group A) and 43 patients were operated on with
aortic cross-clamping and cardioplegia (Group B).

Results: Residual VSD closures were successfully performed in all patients. Group A had significantly
shorter aortic cross-clamp times (P<0.0001), significantly shorter CPB times (P<0.01), a lower incidence of
prolonged ventilation (>6 hours) (P=0.04), a lower incidence of prolonged intensive care unit (ICU) stay ICU
stay >1 day) (P=0.02), and reduced in-hospital expenses (P<0.0001) compared with Group B. There was no
significant difference in the incidence of recurrent residual shunts (P=0.96), prolonged postoperative hospital
stay (>5 days) (P=0.24), or the incidence of perioperative complications (P=0.81) between the groups.
Conclusions: On beating heart surgery is a safe and effective approach for the closure of residual VSDs
and is significantly associated with a lower incidence of prolonged ventilation, a lower incidence of prolonged

ICU stay, and reduced in-hospital expenses.
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Introduction

Ventricular septal defect (VSD) is the most
common congenital cardiac anomaly during fetal life
and at birth, accounting for approximately 20-30% of
congenital heart malformations (1,2). In the 1950s, Gibbon
et al. successfully repaired ASDs using cardiopulmonary
bypass techniques (3), followed by the rapid development
of surgical techniques for other congenital heart diseases,
including VSDs. Although percutaneous transcatheter
approaches have been used extensively in the treatment
of VSDs, surgical closure by standard median sternotomy
with direct visualization of the defect is the most common
pediatric cardiac operation (4,5). However, residual
shunts are detected by intraoperative transesophageal
echocardiography (TEE) and postoperative transthoracic
echocardiography (T'TE) in 9-36% of patients following
surgical closure of a VSD (6,7). Residual VSDs smaller than
2 mm are mild and tend to close spontaneously in most
patients within a year. Residual defects larger than 2 mm,
however, require continuous surveillance and may require
reintervention (8). Many studies have also indicated that
the risk of developing infective endocarditis is significantly
higher in patients with untreated VSDs. Intraoperative
assessment of residual shunts larger than 2 mm detected
during cardiopulmonary bypass (CPB) and initial VSD
repair may therefore prevent the need for reintervention
and lifelong antibiotic prophylaxis (9).

If a severe residual shunt is detected by TEE
intraoperatively after removal of the aortic cross-clamp,
the conventional approach involves re-occlusion of the
aorta under cardioplegic arrest. Although this approach
provides an adequate surgical field of view that allows for
unobstructed suturing, cross-clamping the aorta again
increases the risk of adverse events, including myocardial
ischemia-reperfusion injury (10). Aortic cross-clamp time
is a determinant of late events, particularly in children (11).
Surgeons at our cardiovascular center have conceived a new
approach for revising residual shunts in certain pediatric
patients. This involves closing the residual shunt directly
on the beating heart and does not involve aortic re-cross-
clamping. However, research comparing this new approach
with conventional residual shunt treatment in children is
limited (12). This retrospective study compares the short-
term and medium-term outcomes of these two methods to
evaluate the relative significance of this novel on beating
heart approach for revising residual shunts.

We present the following article in accordance with the

© Annals of Translational Medicine. All rights reserved.

Cao et al. Revising residual VSD without aortic re-cross-clamping

STROBE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-5041).

Methods
Patient selection

The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013), and reviewed and approved
by the Institutional Review Board of Guangdong Province
People’s Hospital (Guangzhou, Guangdong, China)
(No. GDREC2019768H) on 31 December, 2019. The
requirement for informed consent was waived because of
the retrospective nature of the research. This study analyzed
the medical records of 5,631 pediatric surgical patients
(<14 years old) who underwent surgical closure of a simple
VSD and presented to the Guangdong Province People’s
Hospital between March, 2011, and August, 2019. A simple
VSD was clinically defined as an isolated VSD or a VSD
associated with other congenital heart defects (CHD), such
as atrial septal defects, patent foramen ovale, patent ductus
arteriosus, and mildly stenotic and regurgitant semilunar
valves (13). The primary indication for surgical treatment
in all patients was VSD closure. Ninety-three (1.65%)
patients with a VSD residual shunt of 2-5 mm detected
by intraoperative TEE required their CPB to be resumed
and the shunt repaired. To keep the preoperative clinical
characteristics and patient demographics of the two groups
as similar as possible, patients meeting any of the following
criteria were excluded: (I) a preoperative weight of <4 kg; (II)
aged <1 month at time of surgery; (III) cardiac failure; (IV)
pulmonary infection; (V) down syndrome; or (VI) other
co-morbidities (13,14). Eighty patients met the inclusion
criteria and were included in the study; of these patients, 37
had their residual shunts revised on beating hearts without
aortic cross-clamping (Group A), and 43 patients were
operated on with aortic cross-clamping under cardioplegic
arrest (Group B).

Surgical procedure

All operations were performed by three experienced
surgeons of similar seniority. Using standard surgical
techniques, CPB was performed with moderate
hypothermia (30 °C) following cross-clamping of the aorta
and cold crystal cardioplegic arrest. Perimembranous VSDs
were accessed through an incision to the right atrium,
while subarterial VSDs were accessed through an incision
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to the pulmonary artery. VSDs were then repaired using
autologous pericardial patches with continuous sutures.
TEE was routinely performed on all patients after aortic
unclamping; Philips iE33 and Philips iE Elite ultrasound
systems (Philips Medical Systems, Netherlands) were used.
However, when residual shunts between 2—5 mm were
located by TEE, the surgeon immediately re-opened the
heart through the original incision to achieve residual defect
closure.

Patients treated between March, 2011 and May, 2015
had residual shunts repaired with aortic cross-clamping and
cardioplegic arrest (Group B). Patients treated between
June, 2015, and August, 2019, had residual shunts repaired
on beating hearts without aortic cross-clamping (Group
A). The position of the residual shunt in Group A patients
was located via TEE; jet blood flow appeared at the orifice
during cardiac contractions. Patches were then directly
sutured over the shunt with 0/4 prolene until no obvious
jet blood flow remained at the orifice. Residual shunts in
the Group B patients were also located by TEE. After the
heart was opened, the suspected shunt position was detected
with a nerve hook to determine the gap. This was then
sutured. If a residual shunt could not be confirmed, the
patch was removed and the shunt sutured again. To further
reduce the risk of air embolism in the Group A patients,
the operating field was continuously flushed with carbon
dioxide. Patients were also placed in the Trendelenburg
position to prevent air from entering the brain, to maintain
high aortic pressure (60 mmHg or above) and reduce
heart ejection, and to exert appropriate negative pressure
(-10 to -30 mmHg) in the suction tube at the aortic root
to suck out bubbles from the left ventricle. Intraoperative
TEE was performed continually to monitor the left
ventricle and the anesthesiologist watched for changes
in the electrocardiograph (ECG) as the surgeon revised
the residual shunt. If a patient’s heart rate dropped below
60 bpm, accompanied by QRS broadening and a complete
atrioventricular blockage, the surgeon was reminded to
adjust the position of the sutures until the ECG recovered.
After the aorta was opened for the second time, TEE was
reexamined to rule out residual VSD. Residual shunts larger
than 2 mm could not be tolerated and required repair again.

Patient follow-up

Patients were monitored postoperatively in the intensive
care unit (ICU). TTE was performed routinely before
patient discharge and during follow-up to assess heart
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function and the cardiac structures. Follow-up data were
collected from hospital records and included survival after
discharge, readmission, and TTE and ECG findings. All
patients were followed up for 12 months after discharge
and their status at the time of our study was confirmed by
telephone.

Statistical analysis

Statistical analysis was performed using SPSS 21.0 software
(IBM, Armonk, NY, USA). Continuous variables with
a normal distribution were expressed as mean [standard
deviation (SD)], and non-normal variables were presented
as median [interquartile range (IQR)]. The differences
between the two groups were assessed with the unpaired
t-test. A Mann-Whitney U test was used to compare the
means of variables not normally distributed between the
two groups. The frequencies of categorical variables were
compared using the chi-squared test. A value of P<0.05 was
considered statistically significant.

Results
Patient characteristics

The patients’ preoperative clinical and demographic
characteristics are summarized in 7azble 1. During the early
phase of this study, this new method was performed on
older children of greater body weight; the procedure was
later applied to younger and lighter children. The mean
age and weight of Group A were slightly lower than that of
Group B; however, the difference between the two groups
was not significant (P>0.05). Other baseline characteristics
of the two groups were reasonably similar.

Perioperative parameters

Perioperative parameters are presented in Table 2.
Compared with Group B, aortic cross-clamp time in Group
A was shortened by 55% and CPB time was shortened
by 38%; the differences between the two groups were
statistically significant (P<0.0001). The incidences of
prolonged mechanical ventilation and extended duration
of ICU stay were significantly lower in Group A compared
with Group B (P<0.05). The median in-hospital expenses
were significantly lower for Group A patients (36,725
RMBY¥) than for Group B patients (43,112 RMBY¥)
(P<0.0001). However, there was no significant difference
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Table 1 Patient demographic characteristics
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Variables Group A (n=37) Group B (n=43) P value
Sex (female/male) 15/22 20/23 0.74
Age (mos.), median [IQR] 16 [9-30] 17 [6-32] 0.62
Weight (kg), mean + SD 11.9+6.9 10.5+6.3 0.31
Preoperative LVEF (%), mean + SD 69.1+4.2 70.4+4.9 0.25
Type of defect, n (%)

Perimembranous 29 (78.4) 37 (86.0) 0.78

Subarterial 8(21.6) 6 (14.0) 0.45
Severe pulmonary hypertension, n (%) 6 (16.2) 11 (25.6) 0.41
Concomitant cardiac defects, n (%)

Patent foramen ovale 6 (16.2) 10 (23.3) 0.52

Atrial septal defect 3(8.1) 6 (14.0) 0.46

Patent ductus arteriosus 3(8.1) 7 (16.3) 0.33

Pulmonary valve stenosis 12.7) 0 0.28

Group A patients received on beating heart surgery without aortic cross-clamping; Group B patients received surgery with aortic cross-

clamping and cardioplegia; LVEF left ventricular ejection fraction.

between the two groups in the proportion of patients who
received higher doses of vasoactive drugs and isoproterenol,
the incidence of prolonged postoperative hospital stay,
and the development of complications. Perioperative
complications experienced by the patients are presented
in Tuable 3. During the perioperative period, no patients
exhibited severe postoperative complications, such as the
inability to withdraw extracorporeal circulation, excessive
bleeding requiring reoperation, epilepsy, or death.

The results of postoperative echocardiography

The number and percentage of patients with different
residual shunt sizes at different times, as detected by TEE,
are shown in Table 4. The size of residual shunts following
the first aortic unclamping was 2-5 mm in both groups.
Residual VSDs were repaired successfully immediately
in most patients; 1 patient in Group A and 2 patients in
Group B exhibited mild residual shunts as shown by TTE
at their last follow-ups. There was no significant difference
in the proportion of patients remain residual shunt after
reoperation between the two groups.

Evaluation of new TR and abnormal ECG

New cases of tricuspid regurgitation (TR) and abnormal
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ECG results are shown in Table 5. Postoperative TEE
monitoring revealed 2 patients in Group A and 3 patients
in Group B with mild TR (regurgitation area <20% of the
right atrial area). In Group A, 1 patient presented with
moderate TR (20-40% regurgitation region in the right
atrial area) on pre-discharge TTE that persisted until
the next follow-up. One patient in Group B presented
with moderate TR before discharge that reduced to mild
TR during the follow-up period. Frequent ventricular
premature beats (FVPB) were detected in 1 patient in
Group A; 1 patient exhibited complete atrioventricular
block (CAVB) in Group B; and 1 patient presented with
paroxysmal supraventricular tachycardia (PST) in Group
B. All of these patients were stabilized before discharge.
Another significant ECG anomaly was complete right
bundle branch blocks (CRBBB); however, there was no
significant difference in the proportion of newly occurring
TR and abnormal ECG between the two groups. At the
time of final follow-up, all of the patients were alive and had
not required readmission.

Discussion

The conventional approach to revising residual VSDs
requires the aorta to be re-occluded under cardioplegic
arrest. However, this re-occlusion and the resultant
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Table 2 Perioperative parameters

Variables Group A Group B P value
Aortic cross-clamp time (min), mean + SD 28.4+9.1 53.3x11.2 <0.0001
CPB time (min), mean + SD 76.6+18.1 88.3+20.9 <0.01
AR >0.05, DA >5 after CPB, n (%) 0 24.7) 0.19
ISO >0.05 after CPB, n (%) 3(8.1) 12 (27.9) 0.06
Prolonged ventilation (>6 h), n (%) 11 (29.7) 30 (69.8) 0.04
Prolonged ICU stay (>1 day), n (%) 10 (27.0) 30 (69.8) 0.02
AR >0.05, DA >5in ICU, n (%) 1(2.7) 5(11.6) 0.16
ISO >0.05 in ICU, n (%) 2(5.4) 6 (14.0) 0.25
Prolonged postoperative hospital stay (>5 days), n (%) 14 (37.8) 26 (60.5) 0.24
In-hospital expenses [RMBY¥, median (IQR)] 36,725 (32,194-44,376) 46,236 (39,992-54,021) <0.0001
Perioperative complications, n (%) 6 (16.2) 8 (18.6) 0.81

ICU, intensive care unit; CPB, cardiopulmonary bypass; AR, adrenaline; DA, dopamine; ISO, isoproterenol. The rate of administration is

pg/kg/min.

Table 3 Perioperative complications

Complications Group A (n) Group B (n)
Pulmonary infection 2 3
Poor wound healing 2 2
Massive pleural effusion 1 0
Pulmonary atelectasis 1 2
Diaphragmatic paralysis 0 1

prolonged occlusion of the aorta increases the risk of
ischemia-reperfusion injury to the myocardium (11,15).
The risk of damage to the myocardial valve and bundle
also increases with the removal of the pericardial patch and
subsequent revision (10,12,16). Additionally, if cardioplegia
is induced again, taking into account the cooling and
rewarming processes, CPB time would also be prolonged.
Prolonged CPB time results in the destruction of blood
elements, systemic inflammation, electrolyte imbalance,
myocardial edema, and pulmonary complications, all
of which affect patient prognosis following surgical
intervention (17). Apparently, revising a VSD residual
shunt on a beating heart avoids aortic re-occlusion and
shortens CPB time. Additionally, the location of a residual
shunt can be approached more intuitively on a beating
heart, and damage to the conduction bundle can be avoided
by observing the ECG. However, many surgeons are
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apprehensive of using this technique in routine practice due
to concerns of air embolism and the difficulty involved with
suturing a beating heart.

In a previous study, Ozal et al. compared the records of
17 adult patients who had the lower edge of their VSDs
repaired on beating hearts after aortic unclamping and
158 patients who had their VSD repaired by aortic cross-
clamping and cardioplegic arrest. Notably, the incidence
of residual shunt and CAVB in the former group was
significantly reduced compared to the latter, without the
presence of air embolism, neurological complications, or
death (12). Yilmaz er al. examined 87 patients after opening
the aorta for VSD repair, looking for any residual shunt on
the beating heart; these were immediately repaired on the
beating heart. They found it was advantageous for detecting
and repairing any residual shunts in a timely fashion (18).
Other studies that have investigated VSD repair on beating
hearts have included patients that presented with VSD
after acute myocardial infarction (16,19,20). In these cases,
repairing septal defects on beating hearts helped to prevent
myocardial ischemia-reperfusion injury in patients with
reduced cardiac function. However, these previous studies
were on adult VSD patients, and they did not compare the
effect of the two techniques on postoperative ICU stay,
length of hospital stay, inpatient complications, and short-
term and medium-term outcomes. In this context, Tang et al.
compared the on beating heart and cardioplegic techniques
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Table 4 The results of postoperative echocardiography
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Variables Characteristics of residual VSD Group A, n (%) Group B, n (%) P value
First postoperative TEE 2-3 mm 22 (59.5) 27 (62.8) 0.88
3-5mm 15 (40.5) 16 (37.2) 0.84
Second postoperative TEE <2 mm 5(13.5) 6 (14.0) 0.96
Pre-discharge TTE <2 mm 6 (16.2) 6 (14.0) 0.81
2-3mm 0 1(2.3) 0.36
Follow-up TTE <2 mm 1(2.7) 24.7) 0.66
TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.
Table 5 Evaluation of new TR and abnormal ECG
Variables Group A, n (%) Group B, n (%) P value
TR by postoperative TEE 2 (5.4) 3(7.0) 0.79
TR by predischarge TTE 3(8.1) 3(7.0) 0.86
TR by follow-up TTE 2 (5.4) 1(2.3) 0.49
Postoperative abnormal ECG 8(21.6) 7 (16.3) 0.61
Follow-up abnormal ECG 3(8.1) 5(11.6) 0.64
TR, tricuspid regurgitation; ECG, electrocardiograph.
in the repair of atrial septal defects (ASDs) and found groups.

that the durations of surgery, CPB, aortic cross-clamp,
mechanical ventilation, ICU stay, and postoperative hospital
stay were all markedly shorter in the on beating heart
group (P<0.05) and no severe complications occurred (21).
In the present study, residual VSD closures were
successfully performed in all pediatric patients in both
Groups A and B without associated in-hospital mortality or
other severe complications. Notably, residual shunts were
quickly found and repaired on the beating heart, which
significantly reduced not only aortic cross-clamp time and
CPB time, but also the incidence of prolonged postoperative
ventilation and prolonged ICU stay. Previous studies
have shown that this significant reduction in aortic cross-
clamping time and CPB time may significantly contribute
to shortened ventilation time and ICU stays (13). When we
reviewed patients’ histories, we found that the prolonged
ICU stays in Group B were primarily due to postoperative
complications. Although there was no significant difference
in the incidence of postoperative complications between
the two groups, Group B patients with postoperative
complications had longer ICU stays than Group A patients
with postoperative complications. This directly accounted
for the difference in hospitalization costs between the two

© Annals of Translational Medicine. All rights reserved.

Despite concerns that operating on a beating heart
may result in accidental heart tissue damage, our study
indicated that this approach did not increase the risk of
associated complications. Heart surgery in pediatric patients
involves elaborate procedures; however, we encountered
no difficulty in performing these surgeries. With regard to
the probability of secondary residual shunts, there were not
significantly more TR and ECG abnormalities in Group
A than Group B. CAVB has been found to occur in 0.9%
to 4% of patients following VSD repair surgery; these
patients require permanent pacemakers (22-24). CAVB is
thought to occur following surgery as a result of the sutures
in the atrioventricular bundle. To avoid this, as the surgeon
inserts sutures on the beating heart, the anesthesiologist
needs to meticulously monitor the ECG and, if the ECG
is abnormal, guide the surgeon to correct the sutured
area and avoid arrhythmias. In the present study, no cases
of CAVB occurred in on beating heart surgery, although
one case of CAVB was observed after the second aortic
unclamping in a Group B patient. Previous studies have
also suggested that repairing a VSD on a beating heart is an
effective strategy for avoiding CAVB (12,16). Air embolism
remains a significant concern in the repair of septal defects
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on a beating heart (10); however, previous studies have
reported that opening the beating left ventricle does not
necessarily increase the risk of air embolism (12,21,25). In
light of this evidence, routine measures were applied in the
present study to prevent air intake to the left ventricle, and
continuous monitoring of TEE showed no significant air
volume in the left ventricle. The holes in the residual VSD
might have been too small, preventing air from reaching
the left ventricle. Notably, our result also showed no
neurological complications in Group A, which suggests that
these measures were significantly effective.

Opverall, our study revealed that residual shunts are likely
to occur in the perimembranous portion of ventricular
septal below the septal flap of the tricuspid valve, which
is in a deep location and not easily exposed. In contrast,
supracristal residual shunts are easily exposed and repaired
due to the simple surrounding anatomical structure. We
did not attempt on beating heart surgery for muscular VSD
residual shunts as the location was too deep to expose.

Limitations

The present study has both strengths and limitations. A
significant strength was that it collected and analyzed the
data of pediatric patients that were difficult to obtain in
large numbers and compared two groups of patients with
similar baseline characteristics. This facilitated comparable
perioperative parameters. However, as the incidence of
large residual shunts during VSD repair remains low and
unpredictable, prospective studies can be time consuming,
and retrospective studies are comparatively easy to conduct.
Additionally, due to the low incidence of residual shunts,
the present study’s sample size was small. Further studies
that are large-scale and multi-center are required to validate

these findings.

Conclusions

The findings of the present study revealed that the closure
of VSD residual shunts with on beating heart surgery in
pediatric patients significantly reduced the incidence of
prolonged ventilation time and prolonged ICU stay, as well
as in-hospital expenses. The incidence of postoperative
complications has not been increased in on beating heart
surgery patients, and this technique achieved similar repair
results to that of conventional techniques. Therefore, the
on beating heart approach is relatively safe and effective for
the closure of residual shunts in pediatric patients.
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