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Abstract

Data comparing surgical systemic-to-pulmonary artery shunt and patent ductus arteriosus (PDA) stent as the initial palliation
procedure for patients with pulmonary atresia with intact ventricular septum (PA-IVS) are limited. We sought to compare
characteristics and outcomes in a multicenter cohort of patients with PA-IVS undergoing surgical shunts versus PDA stents.
We retrospectively reviewed neonates with PA-IVS from 2009 to 2019 in 19 United States centers. Bivariate comparisons
and multivariable logistic regression analysis were performed to determine the relationship between initial palliation strat-
egy and outcomes including major adverse cardiovascular events (MACE): stroke, mechanical circulatory support, cardiac
arrest, or death. 187 patients were included: 38 PDA stents and 149 surgical shunts. Baseline characteristics did not differ
statistically between groups. Post-procedural MACE occurred in 4 patients (11%) with PDA stents versus 38 (26%) with
surgical shunts, p=0.079. Overall, the initial palliation strategy was not significantly associated with MACE (aOR:0.37;
95% CI,0.13-1.02). In patients with moderate-to-severe right ventricle hypoplasia, PDA stents were significantly associated
with decreased odds of MACE (aOR:0.36; 95% CI1,0.13-0.99). PDA stents were associated with lower vasoactive inotrope
scores (median O versus 5, p <0.001), greater likelihood to be extubated at the end of their procedure (37% versus 4%,
p<0.001), and shorter duration of mechanical ventilation (median 24 versus 96 h, p <0.001). PDA stents were associated
with significantly more unplanned reinterventions for hypoxemia compared to surgical shunts (42% vs. 20%, p =0.009). In
this multicenter study, neonates with PA-IVS who underwent PDA stenting received less vasoactive and ventilatory support
postoperatively compared to those who had surgical shunts. Furthermore, patients with the most severe morphology had
decreased odds of MACE.

Keywords Ductal stents - Systemic-to-pulmonary artery shunt - Pulmonary atresia intact ventricular septum - BTT shunts -
Surgical shunts - Congenital heart defects

Introduction

Pulmonary atresia intact ventricular septum (PA-IVS) is a
rare cardiac defect, accounting for only 1% of congenital
heart diseases [1]. It is characterized by complete obstruction
of right ventricular outflow, an intact ventricular septum,
and varying degrees of tricuspid valve and right ventricular
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hypoplasia. Neonatal intervention also varies, dependent on
the degree of right ventricle (RV) hypoplasia and the pres-
ence of RV-dependent coronary circulation (RVDCC). For
example, patients with adequate RV chamber size and no
coronary abnormalities commonly undergo RV decompres-
sion to establish RV-PA continuity with the goal of biven-
tricular repair, whereas those with RVDCC, severe coronary
abnormalities or clinical signs of coronary ischemia may
undergo a heart transplantation as the primary neonatal
management [2]. In the subset of patients with inadequate
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RV chamber size, palliative surgical shunt placement with
or without right ventricle decompression was traditionally
performed. In more recent years, placement of a stent in the
patent ductus arteriosus (PDA) via cardiac catheterization
has been utilized as an alternative initial palliative procedure
in some patients.

Survival had historically been poor for PA-IVS patients
with hypoplastic RV, with reported neonatal mortality of
20-34% but has improved to less than 10% within the cur-
rent era [3-9]. While mortality has improved, recovery with-
out morbidity following neonatal intervention continues to
be challenging. In a multicenter study of 279 patients with
PA-IVS, Leung et al. demonstrated that 1 in 5 patients had
major adverse cardiac events (MACE) post-procedural inter-
vention, including stroke (6%), mechanical circulatory sup-
port (9%), cardiopulmonary resuscitation (CPR) (13%), and
death (8%) [4]. The highest frequency of MACE occurred
in the subset of patients with hypoplastic right ventricle
who underwent palliation with surgical shunt placement or
PDA stenting as the initiation intervention. A recent meta-
analysis of retrospective studies comparing surgical shunt
to PDA stenting in mixed cohorts of patients with congeni-
tal heart defects showed those who underwent PDA stent
had reduced risk of mortality, post-procedural mechani-
cal circulatory support, and other complications [10]. To
our knowledge, there are no published studies focused on
patients with PA-IVS that have compared outcomes follow-
ing these procedures. We utilized contemporary multicenter
data from Collaborative Research from the Pediatric Cardiac
Intensive Care Society (CoRe-PCICS) to compare the char-
acteristics and post-procedural outcomes, including major
adverse cardiovascular events (MACE), of patients with PA-
IVS undergoing traditional surgical systemic-to-PA shunt
placement versus PDA stent placement.

Patients and Methods

The study was approved by the Institutional Review Board
of each participating center and the data coordinating center
at Cincinnati Children’s Hospital Medical Center (ID: 2019-
0708; 24 May 2019). Parental consent was waived given the
retrospective nature of the study.

We conducted a multicenter retrospective cohort study
across 19 United States hospitals affiliated with CoRe-
PCICS. Participating centers are listed in Supplemental
Table 1. We reviewed the records of all neonates (age less
than 30 days) with PA-IVS admitted in participating centers
over a 10-year period, from 01-01-2009 until 12-31-2018.
We included patients who underwent either a PDA stent or
surgical shunt as their initial palliation in the study. Patients
with antegrade blood flow across the pulmonary valve and
those with any size ventricular septal defects were excluded.

@ Springer

Additionally, in keeping with previous reports, we excluded
patients with Ebstein’s anomaly or severely dysplastic tri-
cuspid valve [11]. The diagnosis of PA-IVS and evaluation
for exclusion criteria were based on the initial echocardio-
gram report. Data were extracted from electronic medical
records, surgical, echocardiography and cardiac catheteri-
zation databases as available in each participating hospital
by local investigators. Anonymized data were recorded in a
centralized REDCap database and reviewed at the data coor-
dinating center for missingness and plausibility. Tricuspid
valve Z-scores were based on apical 4-chamber measure-
ments as documented in the initial echocardiogram report
(before any intervention). The definition of RVDCC was not
standardized but rather based on the assessment of the local
care team at the time of the initial hospitalization. Patients
were categorized as having RVDCC only if it was explic-
itly stated in cardiac catheterization reports or elsewhere in
the medical record. Patients that had unclear documentation
regarding the status of coronary circulation were considered
“unknown RVDCC.”

Our primary outcome was frequency and risk of MACE
(defined as CPR, mechanical circulatory support, stroke or
hospital mortality). Secondary outcomes of interest were
post-procedure vasoactive support (defined as vasoactive
inotrope score [12] on admission to the ICU and at 12 h post-
operatively), nosocomial infection, necrotizing enterocolitis,
renal failure, duration of mechanical ventilation, length of
ICU stay, and unplanned procedures after the initial pallia-
tion. Renal failure was defined as oliguria with sustained
urine output < 0.5 cc/kg/hr for 24 h and/or a rise in creati-
nine > 1.5 times upper limits of normal for age, with need for
dialysis (including peritoneal dialysis and/or hemodialysis)
or hemofiltration [13] The diagnosis of stroke was deter-
mined by review of available post-procedural brain imaging
by site principal investigators.

Statistical Analysis

Median with 25th—75th percentile and frequency with per-
cent were used to summarize patient demographics and clin-
ical characteristics. Bivariate comparisons of characteristics
and clinical outcomes according to the initial intervention
group (surgical shunt versus PDA stent) were made using
Wilcoxon rank-sum tests for continuous variables and chi-
squared tests for categorical variables.

A multivariable logistic regression model with the ini-
tial intervention group (PDA stent vs. surgical shunt) as
a primary independent variable was used to estimate the
adjusted odds ratio (aOR) and 95% confidence interval
(CI) for MACE. The model covariates were chosen a priori
based on clinical experience with patients with PA-IVS and
included preoperative inotropic support, preoperative venti-
lation, RVDCC status, and right ventricular decompression
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Table 1 Baseline characteristics

. . Variable PDA stent Surgical shunt p-value
for 187 included subjects N=38 N=149
Gestational age, weeks 38.2 (36.4, 39.0) 38.4 (37.2,39.1) 0.237
Birth weight, kg 3.02.7,3.2) 3.02.7,34) 0.595
Gender 0.564
Male 16 (42%) 73 (49%)
Female 22 (58%) 76 (51%)
RV hypoplasia 0.232
Normal/mild 0 (0%) 11 (7.4%)
Moderate 9 (24%) 33 (22%)
Severe 28 (76%) 104 (70%)
RPA diameter (mm) 4.0 (3.5,4.5) 4.0 (3.5,4.6) 0.689
LPA diameter (mm) 4.0 (3.6, 4.6) 4.0 (34,4.5) 0.564
TV annulus size (mm) 4.4 (3.5,5.1) 4.8 (4.0,6.2) 0.168
TV Z-score —-3.5(-4.2,-3.1) —3.5(-4.2,-2.6) 0.853
LV ejection fraction % 61 (58,64) 66 (58,69) 0.101
LV fractional shortening % 38 (33, 44) 36 (32,42) 0.398
Major coronary stenosis 8 (24%) 36 (32%) 0.552
RVDCC designated by the care team 11 (32%) 52 (38%) 0.662
Decision for heart transplantation as pri- 3(8.1%) 15 (10%) >0.999
mary therapy
Pre procedural ICU stay (days) 6(4,13) 7 (5,10) 0.837
Preoperative ventilation (hours) 14 37%) 87 (58%) 0.028
Pre-procedure shock 2 (5.3%) 8 (5.4%) >0.999
Pre-procedure CPR 0(0%) 2 (1.3%) >0.999
RVD 11 (29%) 25 (17%) 0.142

Categorical variables are presented as n (%) and continuous variables as median (25th-75th percentile)

CPR Cardiopulmonary Resuscitation, /CU intensive care unit, LPA left pulmonary artery, LV left ventricle,
PDA patent ductus arteriosus, RPA right pulmonary artery, RV right ventricle, RVD right ventricle decom-
pression, RVDCC right ventricle-dependent coronary circulation, 7'V tricuspid valve

p-values calculated using chi-squared test or Wilcoxon rank-sum test

(RVD) as part of initial palliation. Robust standard errors
computed via the Huber-White method were used to correct
for the clustering of patients within hospitals. A subgroup
analysis was performed on patients with moderate-to-severe
RV hypoplasia using similar methods. P-values < 0.05 were
considered statistically significant. All statistical analyses
were performed using the R statistical program (version
4.3.1) [14]. The rms package (version 6.7.1) [15] was used
to perform logistic regression models.

Results
Patient Characteristics

We reviewed a total of 187 patients with PA-IVS, of which
149 underwent surgical systemic-to-PA shunt placement and
38 underwent PDA stent placement. Of these 187 cases, 36
patients (19%) had simultaneous right ventricular decom-
pression: 25 (17%) underwent surgical shunt and 11 (29%)

who underwent PDA stent (p =0.142). Baseline characteris-
tics of patients who underwent surgical shunt are compared
to patients who underwent PDA stent placement in Table 1.
More patients who underwent surgical shunt placement were
mechanically ventilated prior to the procedure (58% vs. 37%,
p=0.028). Other baseline characteristics including age and
weight were not statistically different between groups.

The number of patients undergoing shunts and PDA
stents varied across centers (Fig. 1). All centers performed
surgical shunts whereas 11 out of 19 centers performed
PDA stents. The median number of surgical shunts was 6
per center (range: 1-22) versus 1 per center for PDA stents
(range: 0-16).

The expected end-stage circulation at the time of the pro-
cedure for all patients, as judged by the clinical teams at each
center, is summarized in Fig. 2. Single ventricle physiology
was the expected end-stage circulation for the majority of
patients: 98 (66%) with surgical shunt versus 24 (64%) with
PDA stent. Heart transplantation was ultimately anticipated
in 15 patients (10%) with a surgical shunt and 3 patients
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Table 2 Major adverse cardiovascular events (MACE) based on the
initial procedure

PDA stent Surgical shunt p-value

n=38 n=149
Any MACE 4(11%) 38 (26%) 0.079
CPR 3(7.9%) 29 (19%) 0.147
ECMO 1(2.6%) 19 (13%) 0.132
LVAD 0 (0%) 2 (1.3%) >0.999
Stroke 2 (5.3%) 8 (5.4%) >0.999
In hospital mortality 2 (5.3%) 15 (10%) 0.546

CPR Cardiopulmonary resuscitation, ECMO extracorporeal mem-
brane oxygenation, LVAD left ventricular assist device

(8.1%) with PDA stent. Of the patients who received surgical
shunts, 130 (87.2%) received a modified Blalock-Taussig-
Thomas (BTT) shunt and 19 (12.8%) underwent a central
shunt. Characteristics of surgery, type, and size of shunts
are provided in Supplementary Table 2.

Major Adverse Cardiovascular Events

MACE occurred in 42 (22%) patients: 4 (11%) with PDA
stent vs. 38 (26%) with surgical shunt (p =0.079). Table 2
compares the rate of each MACE based on the initial surgi-
cal intervention. Hospital mortality occurred in 17 (9.1%)
patients, of which 15 (10%) underwent surgical shunt

compared to 2 (5.3%) who underwent PDA stent (p =0.546).
No significant difference was observed in the frequency of
CPR, mechanical circulatory support, or strokes, between
the groups.

The multivariable model for factors associated with
post-procedural MACE is provided in Table 3. Multivari-
able analysis of all patients in our cohort demonstrated that,
when compared to surgical shunt as the initial procedure,
odds for MACE for patients who underwent PDA stent were
not significantly different (aOR 0.37; 95% CI, 0.13-1.02,
p=0.056). We found no evidence of association of preop-
erative ventilation, RV decompression, and RVCC status
with MACE, whereas the presence of preoperative ino-
tropic support was associated with increased risk of MACE
(aOR 2.31; 95% CI, 1.01-5.30; p=0.047). However, in the
subgroup analysis of patients with moderate-to-severe right
ventricle hypoplasia, PDA stents were inversely associated
with MACE compared to surgical shunts (aOR 0.36; 95%
CIL, 0.13-0.99, p=0.047). In this more extreme morphologic
cohort, the presence of preoperative inotropic support was
also associated with an increased risk of MACE (aOR 3.10;
95% CI, 1.28-7.50; p=0.012) (Table 4).

Post-procedural Hospital Outcomes

Table 5 summarizes the short-term hospital outcomes
between the two groups. There was a significant difference

Table 3 Predictors of MACE by

-2 e N Variable Reference Contrast aOR (95% CI) p-value
multivariate logistic regression
model Intervention group Surgical shunt PDA stent 0.37 (0.13-1.02) 0.056
Preoperative ventilation No Yes 1.16 (0.64-2.07) 0.627
Preoperative inotropes No Yes 2.31 (1.01-5.30) 0.047
RVDCC No Yes 1.28 (0.63-2.60) 0.499
RVD Yes No 4.91 (0.83-29.99) 0.079

Adjusted odds ratio (aOR) and 95% confidence intervals (CI) obtained by logistic regression

The model accounted for the nesting of patients within hospitals via the Huber-While cluster sandwich

estimator of variance

RVDCC Right ventricle-dependent coronary circulation, RVD Right ventricle decompression

Table 4 Predictors of MACE by

S o . Variable Reference Contrast aOR (95% CI) P-value
multivariate logistic regression
mpdel in subgroup of patients Intervention group Surgical shunt PDA stent 0.36 (0.13-0.99) 0.047
K;glolilll;)gzrate—to—severe RV Preoperative ventilation No Yes 0.95 (0.53-1.69) 0.856
Preoperative inotropes No Yes 3.10 (1.28-7.50) 0.012
RVDCC No Yes 1.15 (0.57-2.35) 0.693
RVD Yes No 4.61 (0.80-26.6) 0.087

Adjusted odds ratio (aOR) and 95% confidence intervals (CI) obtained by logistic regression

The model accounted for the nesting of patients within hospitals via the Huber-While cluster sandwich

estimator of variance

RVDCC Right ventricle-dependent coronary circulation, RVD right ventricle decompression
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Table 5 Comparisons of

. Characteristics/outcomes PDA stent Surgical shunt p-value

post-procedural charactf?rl.sFlcs N=38 N=149

and outcomes based on initial

intervention Extubated at the end of the procedure 14 (37%) 6 (4.0%) <0.001
LV function 0.098

Normal 32 (94%) 111 (80%)
Mild or greater depression 2 (5.9%) 27 20%)

pH (on ICU admission) 7.35 (7.26,7.36) 7.36 (7.30,7.42) 0.018
pO, (on ICU admission) 45 (38,49) 44 (39,49) 0.868
Lactate (on ICU admission) 1.6 (1.2,2.4) 1.9 (1.3,2.9) 0.513
VIS (on ICU admission) 0(0,0) 5(0,8) <0.001
pH (at 12 h post ICU admission) 7.36 (7.34,7.41) 7.36 (7.31,7.41) 0.885
pO, (at 12 h post ICU admission) 39 (35,47) 40 (38,45) 0.446
Lactate (at 12 h post ICU admission) 1.4 (1.1,2.1) 1.6 (1.1,2.5) 0.634
VIS (at 12 h post ICU admission) 0(0,0) 5(0,8) <0.001
Creatinine 0.5 (0.4,0.6) 0.5(0.4,0.7) 0.484
Initial postoperative duration of ventilation (hours) 24 (1,70) 77 (48,152) <0.001
Total postoperative duration of ventilation (hours) 24 (1,119) 96 (51,226) <0.001
Post-procedure arrhythmia 5(13%) 26 (17%) 0.696
Post-procedure infection 1(2.6%) 16 (11%) 0.217
Post-procedure NEC 3 (7.9%) 10 (6.7%) >0.999
Post-procedure renal failure 2 (5.3%) 9 (6.0%) >0.999
Post-procedural ICU LOS (days) 12 (3,37) 17 (6.5,40) 0.146
LVEEF at discharge (%) 58 (56,62) 65 (59,69) 0.003
Discharge weight (kg) 343 (3.4.2) 3.49 (3.1,4.0) 0.729
All PO discharge feeding 17 (46%) 56 (38%) 0.475
Hospital LOS (days) 27 (15,55) 29 (20,58) 0.271

LOS length of stay, LVEF left ventricular ejection fraction, NEC necrotizing enterocolitis, PO per os, VIS

vasoactive inotropic score

in the vasoactive inotropic score during the post-procedural
period between the two groups, with a median score of 0
in patients with PDA stents compared to a median score of
5 in the patients with surgical shunts on CICU admission
(»<0.001) and at 12 h of admission (p <0.001). Notably,
there was also a significant difference in the post-procedural
mechanical ventilation utilization. More patients with PDA
stents were extubated at the end of the procedure compared
to patients with surgical shunts (37% vs. 4%, p <0.001).
Additionally, total post-procedural ventilation time after the
first initial palliation was significantly shorter in patients
with PDA stents (median 24 vs. 96 h, p <0.001). There was
no difference in the ICU or hospital length of stay (LOS)
with PDA stents compared to surgical shunts: median 12 vs.
17 days (p=0.146) and median 27 vs. 29 days (p=0.271),
respectively.

Unplanned Interventions
Details of all unplanned procedures prior to discharge are

summarized in Supplementary Table 3. Unplanned proce-
dures performed for hypoxemia, which were deemed to be
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related to the choice of procedure (i.e., PDA stent versus sur-
gical shunt), are compared in Table 6. Unplanned procedures
for hypoxemia were significantly more frequent in patients
who underwent PDA stenting (p =0.009). The most common
unplanned procedure for hypoxemia in patients with PDA
stents was re-intervention with PDA stent angioplasty (n =38,
21%). The most common unplanned intervention in patients
with surgical shunts was shunt revision including banding
or de-banding (n=16, 11%), shunt balloon angioplasty or
shunt stenting (n =8, 5%). Notably, 4 patients (10%) subse-
quently underwent a BTT shunt placement after the initial
PDA stent procedure.

Discussion

In this contemporary multicenter cohort of patients with
PA-IVS undergoing either a surgical systemic-to-pulmonary
artery shunt or PDA stent as the initial palliation, the inci-
dence of MACE was substantial, occurring in 1 out of 5
patients. The overall risk of MACE was similar between
the two groups; however, within the subset of patients with
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Table 6 Unplanned procedures
for hypoxemia after the initial
procedure

Unplanned interventions PDA Stent Surgical shunt p=0.009
N=38 N=149

PDA stent angioplasty and/or stent revision 8 (21%)

Conversion to modified BTT shunt 4 (10%)

Branch pulmonary artery angioplasty and/or stenting 3 (8% 53%)

Pulmonary valve perforation, pulmonary valvuloplasty 1 (3%) 1(<1%)

Surgical shunt revision, banding or de-banding 16 (11%)

Surgical shunt balloon angioplasty and/or stenting 8 (5%)

No unplanned interventions 22 (58%) 119 (80%)

PDA patent ductus arteriosus, BTT Blalock-Taussig-Thomas shunt

p-value was calculated using chi-square test to compare the total number of unplanned interventions for

hypoxemia between two groups

The PDA stent group (42%) had a higher proportion of patients with unplanned intervention compared to
surgical shunt group (20%), p = 0.009

moderate-to-severe right ventricle hypoplasia, PDA stents
were associated with a lower risk of MACE compared to sur-
gical shunts. Additionally, patients undergoing PDA stent-
ing received significantly less post-procedure inotropic sup-
port and had a shorter duration of post-procedural invasive
mechanical ventilation.

Several retrospective single-center and multicenter stud-
ies have evaluated the outcomes of PDA stents vs. systemic-
to-pulmonary shunts in neonates with heterogenous types
of congenital heart defects with positive findings support-
ing the use of PDA stenting as an alternative to surgical
shunts. Fakhry [10] et al. performed a systematic review and
meta-analysis of 6 published multicenter and single-center
studies, showing a significant reduction in risk of mortal-
ity, complications, and use of ECMO in patients with PDA
stenting compared to systemic-arterial shunt. Utilizing data
from the Congenital Catheterization Research Collaborative
(CCRC), Glatz and colleagues compared the outcomes of
106 patients with PDA stents and 251 patients with modified
Blalock-Taussig-Thomas shunts in a heterogeneous group
of patients with congenital heart disease [16]. No differ-
ence was demonstrated in the primary outcome of death or
unplanned reinterventions to treat cyanosis. Similarly, in a
large national audit from the United Kingdom, Bentham and
colleagues reviewed 170 patients with modified BTT shunts
and 83 patients with PDA stents and reported an increased
survival to discharge for the PDA stent group [17]. In keep-
ing with our findings, both these large multicenter studies
demonstrated fewer ventilator days with the PDA stent group
compared to surgical shunts.

Our study results aligned with the findings of published
literature, but specifically for patients with PA-IVS. While
the mortality rate is lower in our cohort of patients com-
pared to published literature [3, 5-7, 9], the rate of MACE
was significantly striking at 22%. The overall risk of MACE
was similar in PA-IVS undergoing either the PDA stents or
surgical shunts; however, it is noteworthy that in subsets of

patients with moderate-to-severe RV hypoplasia, PDA stents
were associated with significantly lower odds of MACE
compared to surgical shunts. A possible reason for the high
risk of MACE in our study could be due to the morpho-
logical severity of our PA-IVS patient cohort. Patients in
our study demonstrated significant RV hypoplasia with the
median tricuspid valve z-score of — 3.5 and 93% of patients
had at least moderate-to-severe RV hypoplasia. Diminutive
tricuspid valve and RV size are associated with the pres-
ence of coronary abnormalities, which may account for the
increased susceptibility to MACE [9, 18]. Interestingly, we
found that RVDCC, as designated by the primary centers,
was not a predictor of MACE within our patient cohort. The
wide heterogeneity of the definition and interpretation of
RVDCC across centers likely contributed to this finding.

While vasoactive scores do not entirely reflect the hemo-
dynamic status of patients as they can be variable based on
the discretion of the treating team, the consistently higher
vasoactive inotropic score across centers in the surgical
shunt group implied a perceived greater need for cardiovas-
cular support after surgical shunts compared to PDA stents.
Given the heightened circulatory vulnerabilities in patients
PA-IVS, the impact of post-procedural vasoactive drugs on
the susceptibility to MACE is unclear.

The less invasive nature of PDA stents was evident in that
PA-IVS patients who underwent PDA stenting were more
likely to be extubated at the end of the procedure and had
shorter mechanical ventilation duration. The avoidance of
surgical stress, specifically cardiopulmonary bypass asso-
ciated acute lung injury, and the earlier return to extuba-
tion status can theoretically account for less sympathetic
activation and possibly more favorable myocardial oxygen
balance, possibly positively influencing the susceptibility
to MACE.

Despite the shorter length of ventilation time in patients
undergoing PDA stents as the initial evaluation, the ICU
and hospital LOS were not statistically different in patients
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undergoing PDA stents compared to surgical shunts in our
cohort of patients. In contrast, the CCRC study and the UK
national registry study demonstrated a significantly short-
ened ICU and hospital LOS for patients undergoing PDA
stents vs. surgical shunts [16, 17]. Our ICU and hospital
LOS were also considerably higher compared to patients
in those two studies. For instance, the median LOS in the
CCRC study for PDA stents vs. surgical shunts was 4 days
vs. 7 days (p <0.001) while our median ICU LOS was 12 vs.
17 days (p=0.146). The likely reason for this notable differ-
ence is due to differences in our patient population compared
to the patient population in the CCRC study. This is the first
report to compare PDA stents vs. surgical shunts in only
PA-IVS neonates, with significant morphology. 38% of all
patients in our cohort were designated to have RVDCC by
the local primary team. > 60% of our patients in both the
PDA stent and surgical shunt cohorts were expected to have
a single ventricle physiology, whereas > 60% of the cohort
of patients in the PDA stent group in the CCRC study were
expected to have 2-ventricle physiology [16]. Moreover,
feeding difficulties is common and an important factor in
determining the length of stay both in the ICU and in the
total hospital LOS for these high-risk patients with shunted
physiology. As shown on Table 5, less than 50% of our
patients were exclusively PO fed at discharge. Therefore,
it would have been unlikely for our cohort of patients to
achieve ICU discharge status at 4 or 7 days, as reported by
the CCRC study for their PDA stent and surgical patients,
respectively. Although there was a trend toward a shorter
LOS in the PDA stent patients, our smaller sample size
might have masked small differences that exist between the
two groups. Additionally, the higher rate of unplanned re-
intervention in patients undergoing PDA stents as the initial
palliation may have also contributed to the overall length of
stay in that group.

The result of our study further reinforces the value of
PDA stents as a contemporary alternative to surgical shunts,
with an appreciable advantage in decreased post-procedural
morbidity and decreased risk of MACE in a subset of PA-
IVS patients with moderate-to-severe RV hypoplasia. How-
ever, patients who underwent PDA stenting underwent a
significantly higher number of unplanned interventions for
hypoxemia compared to surgical shunts. The CCRC study
did not observe a difference in the unplanned intervention
for hypoxemia but found overall an increased frequency
of unplanned procedures after PDA stents compared to
BTT shunts [16]. The higher rate of unplanned procedures
for PDA stents was also reported in the United Kingdom
multicenter study [17]. Notably, in our study, 10% of PDA
stent patients were converted to BTT shunt after the initial
procedure among the unplanned interventions. This higher
rate of unplanned interventions could be reflective of differ-
ences in the development of intraluminal stenosis of PDA
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stents versus surgical shunts, center practice variations, or
the learning-curve associated with a relatively novel proce-
dure compared to traditional surgical shunts. Nonetheless,
acknowledging this consistent observation is important and
should be factored into the decision-making process for
patients with PA-IVS.

The strength of our study is our multicenter design involv-
ing diverse institutions, allowing for the collection of a large
cohort of patients with this rare congenital cardiac lesion.
However, this design also resulted in several limitations to
our study. Given its multicenter and retrospective nature,
there may be practice and procedural variability among cent-
ers that we could not account for. The decision to proceed
with PDA stent vs. surgical shunt by each center was not
clearly delineated in the medical records and may reflect
institutional bias. There was a preference for surgical shunts
at most participating centers, with only 11 out of 19 centers
performing PDA stents whereas all centers performed sur-
gical shunts. There was one center that performed 16 PDA
stents over the study period, but the median number of PDA
stents for each center was only 1, reflecting relative inexpe-
rience with this interventional approach for this cohort of
patients, which may have affected the post-procedural out-
comes, including the higher rate of unplanned intervention
for PDA stents compared to unplanned intervention rate for
surgical shunts. Another limitation of our study was that
we could not assess whether there was a trend for increased
utilization of PDA stents as the first palliative procedure over
surgical shunts throughout our study period, as we did not
collect the exact procedural dates. As PDA stenting becomes
more common and experience with PDA stenting increases,
future studies should be performed to determine if the trends
and post-procedural outcomes observed in our study dem-
onstrate improvement over time.

Additionally, in our study, the diagnosis of stroke was
determined by the review of available post-procedural
brain imaging by site principal investigators, which may
contribute to variability in the interpretation of clinically
relevant imaging findings. Furthermore, the growing ubiq-
uity of postoperative MRI imaging may have resulted in an
increased number of stroke diagnoses. One reason for the
higher rate of MACE in our cohort of patients was due to the
relatively higher rate of stroke, as determined by site inves-
tigators (5.3% in PDA stents and 5.4% in surgical shunts,
p>0.999). A recent review of perioperative brain MRI in
children undergoing cardiac surgery showed that 50% had
new postoperative radiological abnormalities: 29% of which
were infarcts and 9% were hemorrhages [19]. The clinical
implications of radiologic evidence of “strokes” rather than
clinically relevant diagnoses are uncertain.

Lastly, even though our study was comprised of the larg-
est reported cohort of patients with PA-IVS undergoing PDA
stent vs. surgical shunt, our study may be underpowered to
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detect statistically significant differences in other outcomes
between the groups. Moreover, our current study was only
focused on short-term post-procedural outcomes. Future
studies are needed to evaluate relevant and important long-
term outcomes between the two groups including longitudi-
nal survival, pulmonary artery growth, as well as neurode-
velopmental outcomes.

Conclusion

Surgical systemic-to-pulmonary artery shunts remained
overwhelmingly more common over PDA stents across mul-
ticenter sites for our contemporary cohort of patients with
PA-IVS. The rate of post-procedural MACE for both groups
was high, occurring in 1 out of 5 patients. PDA stenting
was associated with decreased early post-procedural mor-
bidity, and while there was no difference in the overall risk
of MACE associated with each procedure, PDA stents may
confer a reduced risk of MACE in the subset of PA-IVS
patients with moderate-to-severe RV hypoplasia. On the
other hand, unplanned interventions to address hypoxemia
were significantly more frequent following PDA stenting
compared to surgical shunt placement. Altogether, PDA
stents should be considered a valuable contemporary alter-
native to surgical shunts in patients with PA-IVS.
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