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Abstract

Objectives The aim of this study was to analyze the risk factors for acute events after systemic-to-pulmonary shunt (SPS)
and to investigate the effectiveness of pulmonary blood flow regulation with a metal clip.

Methods The case histories of 116 patients (78 biventricular [BV] and 38 single ventricle [SV] physiology) who underwent
SPS between 2010 and 2021 were retrospectively reviewed. Our strategy was to delay SPS until 1 month of age; pulmonary
blood flow (PBF) regulation by partial clipping of the graft, if needed. Cases of aortic cross-clamping were excluded from
this study.

Results CPB was used in 49 (42%) patients: the median age at SPS was 1 month (2 days to 16 years), and the sternotomy
approach in 65. Discharge survival was 98.3% (114/116); hospital death occurred in 1.7% due to coronary ischemia. Inter-
stage mortality occurred in 1.7% (shunt thrombosis, 1; pneumonia, 1). Pre-discharge acute events occurred in 7 patients
(6.0%): thrombosis 3, pulmonary over-circulation 2, and coronary ischemia 2. Multiple logistic regression analysis revealed
that pulmonary atresia with intact ventricular septum (PA/IVS) (p =0.0253) was an independent risk factor for acute events.
Partial clipping of the graft was performed in 24 patients (pulmonary atresia 15) and clip removal was performed by catheter
intervention in 9 patients; no coronary ischemic events and graft injury occurred in these patients.

Conclusion Surgical outcomes after SPS were acceptable and metal clip regulation of pulmonary blood flow appears to be
safe and effective. PA/IVS was still a significant risk factor for acute events.
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Introduction

The systemic-to-pulmonary artery shunt (SPS) was intro-
duced as a palliative procedure for patients requiring a reli-
able pulmonary blood source, and is still widely used in both
biventricular (BV) and single ventricular (SV) physiology
[1, 2]. The main goal of this palliative procedure is to bal-
ance the systemic and pulmonary circulation.

Despite improvements in the perioperative management
of patients with congenital heart disease, significant mortal-
ity and morbidity has been reported in relation to the SPS,
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with in-hospital mortality rates of 7.2-19% [3-8]. Accord-
ing to the previous reports, the main causes of in-hospital
mortality were temporary pulmonary over-circulation, shunt
thrombosis, and coronary ischemia. Several previous stud-
ies reported risk factor for mortality of the SPS procedure:
neonatal period, 3.0 mm graft, median sternotomy approach,
PA/IVS, SV physiology, low BW; therefore, it is desirable to
establish a safer surgical strategy for these high-risk patients
[5-8].

To improve the surgical outcomes of SPS, the follow-
ing surgical strategy was adopted for SPS in 2010: (1) set
the timing of SPS after the neonatal period by maintaining
the patent ductus arteriosus (PDA) under continuous pros-
taglandin E1 (PGE1) infusion, (2) use the median sternot-
omy approach for patients with SV patients and BV patients
requiring CPB, (3) avoiding the use of 3.0 mm grafts, and
(4) controlling PBF by graft size and partial clipping of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11748-024-02028-8&domain=pdf

General Thoracic and Cardiovascular Surgery

SPS graft (the shunt clip can be removed by catheter inter-
vention if needed).

The purpose of this preliminary study was to investigate
the recent surgical outcomes of the SPS procedure, risk fac-
tors of acute events, and evaluate whether PBF control with
the metal clip is safe and effective.

Materials and methods
Study group

This study was approved by the Institutional Review Board
of Niigata University Hospital. Due to the retrospective
nature of this study, the requirement for individual patient
consent was waived. The case histories of 116 pediatric
patients who underwent SPS procedures (Blalock-Taussig
shunt [BTS] in 115 patients; central shunt [CS] in 1 patient)
in our institution between 2010 and 2021 were retrospec-
tively reviewed. To eliminate the effect of another major pro-
cedure, cases of concomitant major procedures with aortic
cross-clamping (Norwood operation, unifocalization of col-
laterals, Starnes operation, and atrioventricular valve repair)
were excluded from this study. Patients who underwent
SPS immediately after pulmonary artery banding were also
excluded from this study. Figure 1 shows the CONSORT
flow diagram of this study with inclusion information.

SPS procedures and post-operative anticoagulation
management

According to our institutional strategy, SPS was delayed
until 1 month of age via PGE1 infusion as often as possible.
We selected the thoracotomy approach on the opposite side
of the aortic arch when the patient had a BV physiology
and did not require CPB; we used the sternotomy approach

in patients with an SV physiology or who required CPB
support. The innominate or subclavian artery was used for
inflow of the BTS, and the ascending aorta was used for CS
inflow. The Gore-Tex expanded polytetrafluoroethylene graft
(W.L Gore & Associates. Inc. Newark, Delaware, United
States) was used in all patients who underwent the BTS and
CS procedures, and the size of the shunt graft was selected
according to the patient’s body weight (BW), cardiac anat-
omy, and ventricular function. We routinely ligated the PDA
immediately after construction of the SPS in patients who
underwent the median sternotomy approach, and PGE1 infu-
sion was discontinued in all cases. After achieving hemo-
stasis, continuous intravenous heparin infusion was initiated
at 10 units/kg/hour to maintain the activating coagulation
time between 170 and 200 s, and enteral aspirin of 5 mg/kg/
day was replaced. Details of the study patients are shown
in Table 1.

Partial clipping of the SPS graft

We performed partial clipping of the SPS graft as previously
described by Kuduvalli et al. [9] and Napoleone et al. [10].
When pulmonary over-circulation was suspected, partial
clipping of the shunt graft was applied either during the
operation or post-operatively. The hemostatic clip (Ligaclip,
small; Ethicon. Inc., Raritan, New Jersey, United States) was
placed with a graft size reduction of less than one-third of
the original diameter (Fig. 2). The degree of clipping was
determined according to the blood pressure and oxygen satu-
ration level of the arterial blood (Sa0O,) which ranged from
70 to 80% in room air or a diastolic/systolic blood pressure
ratio of the systemic arterial pressure > 0.4, ensuring care
that the clips do not interfere with surrounding organs (such
as the ascending aorta). To avoid a steep caliber change of
the shunt graft, we controlled PBF via the number of clips.
If cyanosis deteriorated after the SPS operation, the clip was

Fig.1 CONSORT flow diagram . .
of this study. SPS systemic- DlSChClrge survival
to-pulmonary shunt, BV 0
bi-ventricle, BDG bidirectional SPS 1 1 6 ]] 4/]] 6 (98 3 A)
Glenn anastomosis, TCPC total
cavopulmonary connection,
PA/IVS pulmonary atresia with .
intact ventricular septum, POD I | Hospital death .2 (1 7%)
post-operative day ' coronary ischemia 2
BV repair BDG 31 (BA/VS). nglg a;gé‘;
72 | :
Interstage death 2 1.7%,
TCPC 26
shunt thrombosis 1
42d after SPS (2016)
pneumonia 1
6mo after SPS (2018)

@ Springer




General Thoracic and Cardiovascular Surgery

Table 1 Preoperative patient characteristics

Variable Median (range)
Total number 116
Age at SPS 1 month (2 days—16 years)
Weight at SPS (kg) 4.0 (2.1-30)
Diagnosis n (%)
BV physiology 78 (67.2)

TOF, DORV / PS 53

TOF, DORV / PA 14

Others 11
SV physiology 38 (32.8)

PA/IVS 9

Heterotaxy 9

DILV / DIRV 5

Others 15
Pulmonary atresia 43 (37)
Neonate (age at SPS <30 days) 14 (12)
BW<3.0kg 7(6)
Genetic disorder 13(11)
PA/IVS 9(3)

SPS systemic-to-pulmonary shunt, BV bi-ventricle, TOF tetralogy of
Fallot, DORV double outlet right ventricle, PS pulmonary stenosis,
PA pulmonary atresia, SV single ventricle, PA / IVS pulmonary atre-
sia with intact ventricular septum, DILV double inlet left ventricle,
DIRV double inlet right ventricle, BW body weight

Fig.2 A Intra-operative finding
of partial clipping of the SPS
shunt. Arrow showing the par-
tial clipping. B Post-operative
computed tomography of the
patient with heterotaxy who
underwent SPS, PA angioplasty,
and partial clipping of the graft.
Arrow shows graft clipping. C
Clip removal by catheter inter-
vention. Arrow shows graft clip-
ping. D SaO, change before and
after clip removal by catheter
intervention. SPS systemic-to-
pulmonary shunt, PA pulmonary
artery, Sa0, oxygen saturation
level of arterial blood

removed by ballooning inside the shunt graft via catheter
intervention (Fig. 2C).

Statistical analysis

Data were expressed as mean =+ standard deviation for
normally distributed continuous variables, or as median
for skewed continuous variables, according to the Shap-
iro—Wilk test. Testing for differences between variables was
performed using the unpaired Student’s f-test to compare
between cases with and without acute events, and the paired
t-test for changes in SaO, before and after clip removal and
the diastolic/systolic blood pressure ratio of the systemic
arterial pressure before and after partial clipping. Stepwise
logistic regression was used to determine the risk factors
of acute events after SPS procedure All the statistical tests
were two sided, and p-values < 0.05 were considered as sta-
tistically significant. Statistical analysis was performed with
SPSS statistical software (Version 16.0; SPSS Inc., Chicago,
Illinois, United States).

Before removal After removal
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Results
Patients’ characteristics and operative details

In this cohort, 116 patients underwent SPS as the main pro-
cedure, including BTS and CS in 115 patients and 1 patient,
respectively. The median age at SPS operation was 1 month
(2 days—16 years), and the median BW at SPS was 4.0
(2.6-16.1) kg, with seven patients (6%) weighing <3.0 kg.
Despite the institutional strategy described above, 15
patients required the SPS procedure during the neonatal
period due to severe cyanosis; there were no preoperative
deaths while waiting for SPS. There were 43 (37%) patients
with pulmonary atresia, and 13 patients (11%) had a genetic
disorder. Based on the echocardiography results, 78 and 38
patients had a BV and SV physiology, respectively. There

Table 2 Shunt procedure details

were 9 patients with pulmonary atresia with intact ventricu-
lar septum (PA/IVS). Details of patient’s characteristics are
shown in Table 1.

At the time of SPS, the median sternotomy approach was
used in 65 patients (56%) and thoracotomy approach was 51
patients (44%), respectively. CPB was used in 49 patients
(42%); concomitant procedures were pulmonary artery
plasty in 22 patients, and intra-pulmonary artery septation
in 1 patient. Details of SPS procedure are shown in Table 2.
The single patient with a 3.0 mm graft was an exceptional
case; this patient had PA/IVS with right ventricle (RV)-
dependent coronary circulation, and had undergone primary
bidirectional Glenn (BDG) anastomosis at 2 months of age
to avoid SPS-induced coronary ischemia. She underwent
additional BTS for progressive cyanosis 2 weeks after BDG
anastomosis.

n (%)
Approach
Median sternotomy 65 (56)
Thoracotomy 51(44)
CPB 49 (42)
Concomitant procedure
PA angioplasty 22 (19)

Intra-pulmonary artery septation

1(1)

n (median BW, kg)

Graft size
3.0 mm
3.5 mm
4.0 mm
5.0 mm
6.0 mm
Graft size / BW ratio: Median (Range)
SPS inflow
Brachiocephalic artery
Subclavian artery
Ascending aorta
Partial clipping of SPS graft
Intra-operative
Post-operative
Graft size
3.5 mm
4.0 mm
Number of clips
1
2
3

1(4.6)
38 (3.4)
60 (4.1)
16 (6.9)
1(9.8)
0.98 (0.61-1.90)
n(%)
64 (55)
51 (44)
1

24 21)

CPB cardiopulmonary bypass, PA pulmonary artery, BW body weight, SPS systemic-to-pulmonary shunt
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Partial clipping of the SPS

In this study cohort, 24 patients underwent partial clipping
of the SPS graft (intra-operative, 19; post-operative, 5; pul-
monary atresia in 15) (Fig. 2A, B). The number of clips
was 1 in 15 patients, 2 in 8 patients, and 3 in 1 patient.
The diastolic/systolic blood pressure ratio of the systemic
arterial pressure significantly increased after clipping from
0.48+0.07 t0 0.53+0.07 (p <0.001). Ten patients had a BV
physiology, and 14 patients had SV physiology, of whom 9
patients underwent clip removal via catheter intervention
(ballooning within the SPS graft) (Fig. 2C). Catheter clip
removal significantly increased SaO, from 75.0% +4.6%
to 83.3% +3.1% (p=0.0018) (Fig. 2D). Shunt thrombosis
after partial clipping occurred in two patients; one patient
underwent emergent clip removal by catheter intervention
immediately after thrombosis without any complication,
while another patient suddenly died after discharge (inter-
stage mortality). No graft injury related to clipping or the
catheter removal procedure occurred.

In-hospital mortality and acute events

The overall discharge survival was 114/116 (98.3%). Prior to
discharge, two (1.7%) patients died prior to 2013 due to cor-
onary ischemia occurring 6 days and 30 days after operation,
respectively. Both patients had PA/IVS with sinusoidal com-
munication, and did not undergo clip regulation; therefore,
we introduced clip regulation of the SPS flow as of 2013.
Pre-discharge acute events defined as shunt thrombo-
sis, pulmonary over-circulation, or sudden circulatory

collapse, occurred in seven (6.0%) patients. Shunt throm-
bosis occurred in three patients before discharge: two
required revision of the SPS, and one underwent clip
removal by catheter intervention.

Two patients required cardiac resuscitation for sud-
den pulmonary over-circulation on post-operative day 1;
they underwent emergent exploration in the intensive care
unit, and partial clipping of the SPS graft was performed.
They recovered from cardiac collapse and were discharged
without any neurological complications. Two cases of
coronary ischemia were the aforementioned in-hospital
deaths. Risk factors for pre-discharge acute events were
the median sternotomy approach (7/7 vs. 0/109; p=0.016),
SV physiology (6/7 vs. 32/109; p=0.002), and PA/IVS
(4/7 vs. 5/109; p <0.001). Shunt size, shunt size/BW ratio,
pulmonary atresia, genetic disorders, and CPB use were
not significant risk factor for pre-discharge acute events.
Multivariate analysis revealed that PA/IVS (p=0.0253)
was an independent risk factor for in-hospital acute events
after the SPS procedure (Table 3).

Inter-stage mortality

Two patients died before the next stage of the operation
(1.7%). One patient with tetralogy of Fallot after BTS suf-
fered from pneumonia and suddenly died 6 months after
surgery. Another patient with PA/IVS after BTS and partial
clipping was discharged without complication, but died of
shunt thrombosis 1 month after BTS. Subsequently, 103
patients (89%) patients underwent the planned next-stage
operation (BV repair, 72 patients; BDG, 31 patients).

Table 3 Risk factors for acute

Acute event Yes (7) No (109) Univariate analysis ~ Multivariate OR (95% CI)

events analysis
p-value p-value

CPB use 2 47 0.45

Median approach 7 0 0.016 0.9761

BW, kg 3.5+0.5 51+32 0.199

SV 6 32 0.002 0.2528

Pulmonary atresia 5 38 0.052

PA/IVS 4 5 <0.001 0.0253 9.00 (1.20-67.43)

Shunt size, mm 3.6+0.2 4.1+£0.6 0.084

Shunt/BW ratio 1.05+0.17 0.92+027 0.217

Genetic disorder 0 13 0.332

Sa0, at ICU, % 82.4+6.9 86.9+5.5 0.058

d/s ABP at ICU 0.51+0.07 0.50+0.06 0.922

CPB cardiopulmonary bypass, BW body weight, SV single ventricle, PA/IVS pulmonary atresia with intact
ventricular septum, OR odds ratio, SaO, arterial oxygen saturation, /CU intensive care unit, d/s ABP dias-
tolic / systolic arterial blood pressure ratio
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Discussion

While SPS has become an established palliative procedure
which provides adequate PBF for patients with congenital
heart disease, significant operative mortality rate is still
reported [3-8]. Previous studies have reported several risk
factors for operative and inter-stage mortality after the SPS
procedure, including neonatal period, 3.0 mm graft, median
sternotomy approach, PA/IVS, SV physiology, low BW,
genetic disorders, pulmonary atresia, CPB use, heterotaxy
syndrome, and delayed heparin initiation [3-8, 11-13]. Fur-
ther improvements in surgical techniques and safe strategies
for SPS are therefore warranted. With the aim of minimizing
the risks of the SPS procedure, we have adopted the follow-
ing surgical strategies: (1) delaying the timing of SPS until
1 month of age as often as possible, (2) avoiding the use of
SPS grafts 3.0 mm in size, (3) median sternotomy approach
for SV patients or BV patients who required CPB, and (4)
regulating PBF by partial clipping of the graft and remove
the clips by catheter intervention, if necessary. Since the
discharge survival rate of the present study was 98.3%, com-
paring favorably with previously reported rates of 85-94%,
we believe that our institutional surgical strategy for SPS
was safe and acceptable.

Timing of the SPS procedure

As pulmonary vascular resistance is highly variable in the
neonatal period, especially in patients who undergo CPB
[14, 15], we set the timing of SPS to after the first month of
life as often as possible. It has been reported that open heart
surgery in neonates can cause circulatory collapse due to a
sudden increase or decrease in pulmonary vascular resist-
ance immediately after operation [4, 8]. Since stenting of
the arterial duct is still an uncommon treatment in Japan,
we maintained patency of the PDA under PGE1 infusion
for 1 month. We have therefore become accustomed to
the long-term administration of PGEI in Japan, and death
while awaiting SPS and the significant adverse effects of
PGE1 were not observed in the present study. Addition-
ally, we aggressively performed simultaneous pulmonary
artery angioplasty at the time of the SPS procedure under
CPB to promote symmetric growth of the pulmonary artery
tree if needed; thus, we set the timing of the SPS proce-
dure to 1 month after birth, when the pulmonary resistance
stabilizes.

Shunt graft size

As the use of a 3.0 mm shunt graft has been reported to be
a risk factor for operative mortality due to shunt thrombosis
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and reintervention [4-6, 12], this was avoided. The PBF is
defined by peripheral vascular resistance, the pressure gradi-
ent between proximal and distal pressure, and the diameter
of the shunt graft, inevitably forcing the use of small-sized
conduits in infants with low BW. To address this issue, we
used a relatively larger graft size (3.5 mm), and restricted
the PBF by adding partial shunt clipping if necessary. We
believe that the use of larger sized grafts reduces the risk of
shunt thrombosis and allows for fine regulation of PBF with
metal clips. In addition, as we delayed the operation until
after 1 month of age according to the institutional strategy,
weight gain was achieved during the waiting period, and
small-caliber grafts were less likely to be needed during the
study period.

Partial clipping of the shunt graft

As previously described by Kuduvalli et al. [9], we applied
partial clipping of the SPS shunt either during the operation
or post-operatively. The degree of partial clipping was deter-
mined by hemodynamics and the oxygen saturation level
of the arterial blood, similar to that of pulmonary artery
banding.

A major advantage of this technique is that PBF can be
easily adjusted intra-operatively and can be changed as many
times as needed. Pulmonary vascular resistance varies rap-
idly, especially during the neonatal period and immediately
after CPB, making it difficult to accurately determine and
regulate PBF intra-operatively only by the size and length
of the graft. Several techniques have been reported for regu-
lation of SPS flow [16—18], but no technique has been yet
widely used. We believe that graft partial clipping technique
allows us to regulate PBF according to the changes of pul-
monary vascular resistance as appropriate, not only intra-
operatively, but also after operation.

Another advantage of clip-based PBF adjustment is
that the clips can be post-operatively removed via catheter
intervention. Napoleone et al. [10]. reported a technique
for post-operative clip removal using 5-0 polypropylene
sutures, describing its effectiveness and safety. In addition,
as the relative shunt flow decreases with weight gain, we
performed post-operative clip removal by catheter interven-
tion to increase the PBF in a stepwise fashion. Notably, we
have not experienced any graft injury resulting from clip
removal by catheter intervention.

We adopted the following criteria to determine the degree
of clipping: in patients with SV physiology, the SaO, was
around 80% (pulmonary-to-systemic blood flow ratio almost
equal to 1.0); in patients with both SV and BV physiology,
the systemic diastolic pressure was >40% of the systolic
pressure. We used not only SaO, and but also the dias-
tolic/systolic blood pressure ratio as indicators of PBF. It
is sought that SaO, does not necessarily reflect PBF, since
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some cases of CPB have temporarily impaired oxygenation.
As the excessive reduction of diastolic pressure leads to
myocardial ischemia, we restricted of blood flow with clips
with reference to the diastolic/systolic pressure ratio. In the
present study, the diastolic/systolic pressure ratio of patients
who underwent partial clipping of the graft increased signifi-
cantly to more than 0.53 immediately after clipping, and no
coronary ischemic events were observed in these patients.
Therefore, a set target of the diastolic/systolic pressure
ratio even higher than 0.5 may be appropriate especially in
patients with PA/IVS.

Although the use of 3.0 mm-sized grafts is avoided by
adding PBF regulation with metal clips, the risk of shunt
thrombosis due to clips cannot be ruled out. In fact, graft
thrombosis occurred in two cases in the present study in
which PBF was restricted by partial clipping; one patient
was successfully treated by emergent clip removal and bal-
looning by catheter intervention, while the other patient
died suddenly after discharge. We have since placed mul-
tiple (1-3) clips within one-third of the diameter to prevent
thrombus formation due to the steep caliber change caused
by a single clip, and have not experienced similar shunt
occlusion.

Another important point is the graft size for partial clip-
ping. Partial clipping should be avoided whenever possible
because of the risk of thrombus occlusion. In this study,
partial clipping was performed in 15 patients with 3.5 mm
grafts, which may have avoided the use of 3.0 mm grafts. On
the other hand, partial clipping was also performed in nine
cases with 4.0 mm grafts, and these cases could have been
addressed by downsizing to 3.5 mm grafts. In the present
study, graft thrombosis occurred only in the partial clip-
ping cases with 3.5 mm grafts, and the risk of thrombosis
may be low even with partial clipping of 4.0 mm grafts, but
the number of cases in this study was not large enough to
investigate this issue.

Median sternotomy approach or thoracotomy
approach

Although the median sternotomy approach for SPS is now
widely used in many centers, it has been identified as a
risk factor for acute events immediately after SPS in the
previously reported studies [19]. We selected the thora-
cotomy approach for patients with BV physiology who
did not require CPB, and the median sternotomy approach
for patients with SV or BV physiology requiring CPB. We
aggressively performed pulmonary artery (PA) angioplasty
and CPB simultaneously in patients with PA coarctation via
the median sternotomy approach, as symmetric PA growth
is important, especially in patients with SV physiology
[20]. Approaches through median incisions tend to cause
excessive shunt flow, as the anastomosis of the graft inflow

is in the proximal brachiocephalic artery; we thus applied
partial clipping to the median sternotomy approach patients
if needed. Conversely, we prefer the thoracotomy approach
in patients who do not require PA plasty. As pulmonary
over-circulation is rare in patients using the thoracotomy
approach, the regulation of PBF with partial clipping was
not required in the present study. Our institutional surgical
strategy for tetralogy of Fallot is that the timing of the defini-
tive repair should be around 6 months or more of age to
preserve the autologous pulmonary valve as far as possible.
We, therefore, performed the SPS procedure through lateral
thoracotomy in patients with BV physiology and severe cya-
nosis within the first 6 months of life to minimize the risk of
acute events after the procedure.

PA/IVS with sinusoidal communication

As in the previous reports, PA/IVS was an independent risk
factor for acute events immediately after SPS in the present
study [21, 22]. Since shunt circulation results in a decrease
in arterial diastolic pressure, patients with severe sinusoi-
dal communication or significant coronary obstruction are
known to be at a high risk of circulatory collapse due to
coronary ischemia. Therefore, we have restricted PBF with
clips in cases of PA/IVS complicated with severe sinusoidal
communication or significant coronary obstruction. More
recently, we have also adopted a strategy of performing sec-
ond stage palliation (BDG anastomosis) in early infancy for
patients without a SPS. Within the present study period, one
patient with RV-dependent coronary circulation underwent
BDG anastomosis at 2-months of age without any coronary
event.

Study limitation

This was a retrospective, single-center study with a small
number of patient cohorts; thus, it may not be sufficient to
identify risk factors of hospital or inter-stage mortality, and
pre-discharge acute events. Additionally, excluding cases
of aortic cross-clamping such as Norwood operation may
account for the lower operative mortality rates compared
with previous reports.; despite using logistic regression
analysis for these acute events, confounding effects cannot
be completely ruled out.

Conclusion

The outcomes of SPS according to our surgical strategy
were acceptable compared to previous reports. The risk
factor for acute event was still PA/IVS. PBF regulation with
hemostatic clips was an easy and safe procedure, and post-
operative catheter removal was safely performed.
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