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Abstract

Objective: We aimed to determine the early and midterm outcomes of ductal stenting in neo-
nates with ductal-dependent pulmonary blood flow.Methods: Between January, 2014 and July,
2018, 102 patients who underwent 115 cardiac catheterisation procedures for ductal stent
implantation in our department were retrospectively reviewed. The age of the neonates ranged
from 3 to 30 days (median: 11 days) and their weights ranged from 1.8 to 5.8 kg (mean,
2.8 ± 0.53 kg). Fifty-two patients had functional single ventricle and 50 had biventricular
physiology. Thirty-one patients’ weights were <2,500 g (30.3%). The patent ductus arteriosus
was vertical in 60 patients (58.8%). The mean ductal length was 12.4 ± 4.1 mm (range,
7.8–23mm), and the mean narrowest ductal diameter was 2.1± 0.7mm (range, 1.2–3.4mm).
Results: The technical success rate was 85.2%. Procedure-related mortality occurred in three
patients (2.9%). After the procedure, the aortic oxygen saturation increased from a mean of
73.1 ± 6.2% to a mean of 90.4± 4.3% (p< 0.001), and the ductus diameter increased from a mean
of 2.1 ± 0.7mm to amean of 4.2± 0.9mm (p< 0.001). Either transcatheter or surgical reinterven-
tions were required in 35 patients (34.3%) during the follow-up period after a median of 101 days
(2–356 days). Thirty-three patients (32.3%) were bridged to surgical repair after a median of
288 days (163–650 days). Themedian duration of palliationwith ductal stents was 210 days (range,
2–525 days).Conclusion:Ductus arteriosus stentingmay be a reasonable and effective alternative to
surgery for the initial palliation procedure in neonates with ductus-dependent pulmonary flow.

The establishment of sufficient and reliable pulmonary blood flow is vital in infants with ductal-
dependent pulmonary circulation. A surgical systemic-pulmonary shunt is a well-established
palliation method, but it is associated with a significant risk of mortality and morbidity in
the neonatal period because the risk of pulmonary overflow and rate of shunt failure are
high.1–3 Diastolic run-off may cause coronary ischaemia. Additionally, systemic-pulmonary
shunts may cause surgical adhesions, phrenic or recurrent nerve paralysis, chylothorax, or
pulmonary artery distortion.4

Gibbs et al. first described the ductal stent technique as an alternative to systemic-pulmonary
shunt placement for the palliation of high-risk infants with cyanotic CHD in 1992.5 Ductal
stenting has gained popularity because of several of its advantages, including reduced pro-
cedure-related complications, hospital stay, and number of reoperations.6,7 However, some con-
cerns still exist, such as the safety and durability of stent patency, pulmonary artery growth, and
even the distribution of pulmonary blood flow.8 In this study, we aimed to analyse the early and
midterm results of ductal stent implantation in neonates with ductus-dependent pulmonary
blood flow. To our knowledge, our cohort includes the largest series of neonates in a single
centre.

Materials and methods

Themedical records of 102 patients who underwent 115 cardiac catheterisation procedures with
a ductal stent in our department between January, 2014 and July, 2018 were retrospectively
reviewed. Our study received ATADEK-2019/3 (numbered 2019-3/3) Ethics Committee appro-
val on 7 February, 2019. Standard echocardiography was used for the diagnosis of all patients.
Their ductal anatomy was examined in detail. The inclusion criteria were hypoxia (transcuta-
neous arterial oxygen saturation (SpO2)< 80%) and duct-dependent pulmonary circulation;
the exclusion criteria were nonconfluent pulmonary artery branches and previous systemic-
pulmonary shunt surgery.
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The age of the neonates ranged from 3 to 30 days (median
11 days) and their weight ranged from 1.8 to 4.8 kg (mean,
2.8 ± 0.53 kg). Thirty-one patients’ weights were <2,500 g (31%).
Their preprocedural oxygen saturation ranged from 55 to 80%
(mean 73.1 ± 6.2%). Of these 102 patients, 52 had functional single
ventricle, and the patients’ diagnoses are listed in Table 1.

Prostaglandin E1 infusions were discontinued 24 hours before
catheter interventions with close follow-up of SpO2 levels to pro-
vide some ductal narrowing for safe stent implantation. However,
in the case of desaturation (SpO2 < 75%), prostaglandin E1 infu-
sion was resumed until the ductus was traversed with a wire.

The procedure was performed in 12 patients under the condi-
tions of spontaneous breathing and sedation. Ninety patients
needed endotracheal intubation and general anaesthesia. In all
patients, vascular access was first attempted by the percutaneous
femoral approach. Ductal stent was successfully implanted in
87 of 102 patients. In 72 (82.8%) of 87 patients, a retrograde or
antegrade transcatheter approach was used through the femoral
artery or vein, and 15 (17.3%) patients with vertical patent ductus
arteriosus needed a carotid artery approach in addition to the fem-
oral approach. The carotid artery was prepared by surgical cut
down and was surgically repaired after removal of the sheath
(Figure 1a–d). The carotid artery approach was significantly
higher in patients who had a vertical patent ductus arteriosus
(p= 0.0002). A total of 96 stents were implanted in 87 patients.
Although a single stent was implanted in 80 of 87 patients, two
stents were required in five patients and three stents were required
in two patients. All patients received heparin after arterial cannu-
lation, which was continued for 24 hours after stent placement to
maintain an activated clotting time level of 180–220. Antibiotic
prophylaxis was performed with cefazolin for 24 hours.

Additionally, palliative pulmonary balloon valvuloplasty in
seven patients and pulmonary valve perforation in two patients
were performed in the same setting in patients with critical
pulmonary stenosis and functional single ventricle. Balloon atrial

septostomy was required in three patients with a restrictive intera-
trial septum; two of them had pulmonary stenosis with transposi-
tion of great arteries, and one had pulmonary atresia with an intact
ventricular septum.

We visualised the duct from different angles before stent
implantation. Initially, left side view and right or left anterior
oblique images were obtained according to the ductusmorphology.
If the ductus has classical and horizontalmorphology, we first mea-
sured the ductal diameters since the ductus diameter should not
change after the wire. On the other hand, if the duct was vertical
and had tortuous morphology, we checked the measurements after
placing the wire in the duct because the duct could become straight
after the wire.

The width of the stent was estimated according to body weight,
the smallest ductal diameter, and the diameter and distribution
of the pulmonary artery. For patients weighing 3–4 kg, we chose
a 4-mm-diameter stent, and for those weighing 4–5 kg, we used
a 4.5-mm-diameter stent. For patients weighing less than 3 kg,
we chose a 3.5-mm-diameter stent. The length of the stent was
1–2 mm longer than the ductal length between the aortic and
pulmonary ends with the guidewire across.

All patients were given an antiplatelet dose of aspirin after
cessation of the heparin infusion. After stent implantation, the
patients were evaluated by clinical examination; additionally,
SpO2 level, chest X-ray, and echocardiography were assessed.
The stent position and patency were reassessed by echocardio-
graphy before discharge, 7 days after discharge, and monthly
thereafter. The need for further interventions or surgery was deter-
mined according to the patients’ SpO2 level, growth rate, and
primary pathology. Cardiac catheterisation was scheduled before
surgery. Post-operative two-dimensional echocardiograms, angio-
graphic fluoroscopy, and lung scans (in case of suspicion) were
reviewed.

Statistical analysis

Normality for continuous variables was tested using the Shapiro–
Wilk test. The Mann–Whitney U test was used to compare groups
in terms of a continuous outcome. A chi-square test of independ-
ence was used to compare subcategories of a categorical variable in
terms of a categorical outcome. Fisher’s exact test was used when
the assumption of expected counts being at least five for the
chi-square test of independence was not satisfied. Logistic regres-
sion was used to understand the relationship between explanatory
variables and binary outcomes. Kaplan–Meier survival probabil-
ities were computed and plotted to compare treatment groups
in terms of the risk of death. Survival curves were compared using
the log-rank test. The significance level for all methods was set at
0.05. All analyses were performed using R Version 3.5.2 (R Core
Development).

Results

The arterial duct was vertical in 60 patients (Figure 2a and b).
The mean ductal length was 12.4 ± 4.1 mm (range, 7.8–23 mm),
the mean narrowest ductal diameter was 2.1 ± 0.7 mm (range,
1.2–3.4 mm), and the mean stent length was 14.5 ± 3.5 mm
(range, 7–25 mm).

The technical success rate of the interventions was 85.2% (87 of
102 patients). Most failures occurred during the early period of our
experience. The success rate in patients with a vertical ductus was
79%, the success rate in those with a straight ductus was 90%, and

Table 1. Diagnoses of the patients

Diagnosis n (%)

Pulmonary atresia with VSD 25 (24.5%)

Pulmonary atresia with intact ventricular
septum

20 (19.6%)

Heterotaxy syndrome 18 (18.1%)

RA isomerism, unbalanced complete AVSD,
pulmonary atresia

13

RA isomerism, balanced complete AVSD,
pulmonary atresia

5

Tricuspid atresia with pulmonary atresia 12 (12.1%)

Critical pulmonary stenosis 11 (11.1%)

TGA, VSD, pulmonary stenosis 7 (7.1%)

CTGA with pulmonary atresia 3 (3%)

Double inlet left ventricle with pulmonary atresia 2 (2%)

Tetralogy of Fallot with pulmonary atresia 2 (2%)

Ebstein anomaly with pulmonary atresia 1 (1%)

Mitral valve hypoplasia with pulmonary atresia 1 (1%)

AVSD, atrioventricular septal defect; CTGA, congenitally corrected transposition of the great
arteries; RA, right atrial; TGA, transposition of the great arteries; VSD, ventricular septal
defect.
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there was no statistical relationship between the success of stent
implantation and a vertical ductus (p= 0.23). Moreover, there
was no statistically significant difference between the functional
single ventricle and biventricular physiology in terms of the success
of the stent implantation (87.2% with functional single ventricle
and 82.6% with biventricular physiology) (p= 1). Among the 15
patients in whom stent implantation failed, a systemic-pulmonary
shunt operation was performed in 13 patients. Of the remaining
two patients, one died in the catheterisation room due to cardiac
arrest and the other died in the ICU because of sepsis while waiting
for further intervention.

The median ICU and hospital lengths of stay were 4 days
(range, 2–15 days) and 12 days (range, 4–35 days), respectively.
After the procedures, oxygen saturation increased from a mean of
73.1± 6.2% to a mean of 90.4± 4.3% (p< 0.001) and ductus diame-
ters increased from amean of 2.1± 0.7mm to amean of 4.2 ± 0.9mm
(p < 0.001). The mean fluoroscopy time was 44.4 ± 25.5 min

(range: 20–120 min). The characteristics of the patients and the
outcomes of the interventions are listed in Table 2.

Complications

Femoral arterial access complications did not occur, but unilateral
femoral and iliac vein thrombosis was observed in one patient
(1%). Stent dislocation to the left pulmonary artery was observed
in five patients, and dislocation to the right pulmonary artery
was observed in two patients. Right ventricular thrombosis was
detected in two patients by control echocardiography after the
intervention, and they were treated medically by IV heparin infu-
sion. These patients were discharged from the hospital with oral
antiaggregant therapy and were followed up closely with echocar-
diography. Cardiac arrest occurred in four patients during the
procedure, and one of these patients died in the catheterisation lab-
oratory despite resuscitation. The other three patients underwent

Figure 1. Angiographic image of ductal stent implantation
by carotid artery approach (a–c). Angiographic image of
pulmonary arterial growth before Glenn operation in the
same patient (d ).

Figure 2. Angiographic image of a
vertical ductus before (a) and after (b)
the ductal stent implantation procedure.
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urgent shunt surgery after resuscitation; however, two of them died
due to failure to wean from cardiopulmonary bypass (CPB) and
due to mediastinitis in the postoperative period. The only patient
who underwent an urgent systemic-pulmonary shunt after resus-
citation was discharged from the hospital. Thus, procedure-related
mortality occurred in three patients (2.9%). Despite successful
stent implantation, three patients died of sepsis and two patients
died of pneumonia before discharge from the hospital. Two neo-
nates who underwent systemic-pulmonary shunt reintervention
before discharge from the hospital because of worsening stent
stenosis died in the early post-operative period despite extracorpo-
real membrane oxygenation support because of heart failure. One
patient died of sepsis while awaiting further intervention in the
ICU after a failed procedure. Three neonates whose procedure
had failed died after the systemic-pulmonary shunt operation
due to low cardiac output. Overall, in-hospital mortality occurred
in 14 patients (13.7%).

Follow-up

Reintervention was required in 35 patients (34.3%) despite suc-
cessful stent implantation: a systemic-pulmonary shunt interven-
tion was performed in 22 patients, transcatheter reintervention was
performed in 11 patients, and pulmonary balloon valvuloplasty
was performed in two patients. In vertical patent ductus arteriosus,
systemic-pulmonary shunts are usually selected because the trans-
catheter approach to the vertically implanted stent is quite difficult.
The mean reintervention time was 105.1 ± 15.2 days (2–356 days).
There was no association between reintervention requirement
and vertical patent ductus arteriosus morphology (p= 0.06), more
than one stent usage (p = 1), or the carotid cut-down approach
(p= 0.34).

Eleven patients needed early reintervention within the first
month after the procedure. Early transcatheter reinterventions
were performed in four patients, and a systemic-pulmonary shunt
intervention was performed in seven patients. Transcatheter rein-
terventions were necessary due to constriction of the uncovered
segment of the ductus on the aortic side of the stent. In all cases,

an additional stent was successfully implanted to cover the entire
ductus. Among the seven patients in whom an early systemic-
pulmonary shunt was required, urgent surgery was performed
in three patients because of acute deteriorating oxygen saturation,
and the remaining four patients required an elective systemic-
pulmonary shunt procedure due to worsening moderate branch
pulmonary artery stenosis.

The median duration of follow-up was 690 days (range,
2–1,520 days). Six patients were lost to follow-up in the study.
The median duration of palliation with ductal stent was 210 days
(range, 2–525 days).

Seven patients required additional stent implantation, 15
patients required a systemic-pulmonary shunt, and two patients
underwent pulmonary balloon valvuloplasty during the late inter-
stage period (>1 month) because of deteriorating cyanosis. Of the
seven patients who required additional stent implantation, three
required in-stent stenosis, two required covering of the aortic site,
and two required covering of the pulmonary site. Pulmonary bal-
loon valvuloplasty was performed in two patients who had a critical
pulmonary stenosis to increase antegrade pulmonary flow.

Among the 15 patients in whom a systemic-pulmonary shunt
was required after the 1-month follow-up period, two underwent
urgent systemic-pulmonary shunt surgery, and four underwent
elective systemic-pulmonary shunt surgery because of worsening
stent stenosis. The remaining nine patients underwent systemic-
pulmonary shunt surgery due to inadequate pulmonary arterial
growth because of the protrusion of the stent towards one branch
of the pulmonary artery, and the pulmonary artery was recon-
structed with an autologous pericardial patch during the operation.
The rate of bridging to surgical repair without a systemic-
pulmonary shunt requirement was significantly higher in patients
without a vertical patent ductus arteriosus (94.4%) than in those
with a vertical patent ductus arteriosus (60%) (p= 0.03). Three
patients required more than one intervention during the interstage
period (Table 3).

Interstage mortality occurred in 20 patients (19.6%) (Figure 3a
and b). Among these 20 patients, nine died within 1 month of the
procedure and 11 died in the late interstage period. We found that
the 30-day mortality rate in patients undergoing ductal stent
implantation was significantly higher in patients with a vertical
patent ductus arteriosus (p= 0.02) and patients with echocardio-
graphic diagnosis of heterotaxy syndrome (p = 0.01). On the other
hand, there was no statistically significant difference between func-
tional single ventricle and biventricular physiology in terms of
30-day mortality (p = 0.45) and late interstage mortality (p = 1).
Twelve of the 20 patients experienced sudden cardiac arrest
at home, 10 of these patients did not survive despite resuscitation,
and the remaining two patients who underwent urgent systemic-
pulmonary shunt implantation could not be weaned from
Cardiopulmonary bypass (CPB) and died on extracorporeal mem-
brane oxygenation because of low cardiac output. An autopsy
could not be performed on patients who experienced home arrest,
so ductal stent status could not be determined. Of the remaining
eight patients who died during the interstage period, four died due
to cardiac failure after an urgent systemic-pulmonary shunt, two died
because of Klebsiella pneumonia, one died due to necrotising entero-
colitis, and one had pyelonephritis and died as a result of Candida
sepsis. The Kaplan–Meier curve of the survival probability is shown
in Figure 4.

Among patients in whom the ductal stent procedure was
successful, 31 were bridged to surgical repair after a median of
288 days (163–650 days). Moreover, two patients underwent

Table 2. Patients’ characteristics and outcomes

Ductal stent implantation

Patients, n 102

Male gender, n (%) 49 (48%)

Median age at intervention, days 11 (3–30)

Median weight at intervention, kg 2.9 (1.8–5.8)

Weight< 2.5 kg, n (%) 31 (30.3%).

Genetic syndromes, n (%) 12 (11.7%)

Invasive ventilation before intervention, n (%) 27 (26.4%)

Functional single ventricle, n (%) 52 (50.9%)

Vertical PDA, n (%) 60 (58.8%)

Mean ductal length, mm 12.4 ± 4.1

Mean narrowest ductal diameter, mm 2.1 ± 0.7

Technical success of intervention, n (%) 87 (85.2%)

Median ICU stay, days 4 (2–15)

Median hospital stay, days 12 (4–35)

PDA, patent ductus arteriosus.
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Table 3. Reintervention characteristics of patients after ductal stent implantation

No
Age of initial
intervention Diagnosis

Weight
(kg)

Vertical
ductus Indication Reintervention type

Time interval
(months)

Post
reintervention
complication FU status

1 3 d TA-PA 2.4 No In-stent stenosis Central shunt 5 m Yes Dead

2 4 d Critical PS 2.4 No To increase antegrade
pulmonary flow

Pulmonary balloon
valvuloplasty

1.3 m No Alive

3 8 d TA-PA 2.2 No In-stent stenosis Additional stent
implantation

3.8 m No Alive

4 6 d VSD-PA 3 Yes Low McGoon Left MBTS 5.8 m No Alive

5 20 d TA-PA 2.4 No Stenosis at the pulmonary site Additional stent
implantation

4.2 m No Alive

6 6 d RAI-CAVSD-PA 3 Yes In-stent stenosisþ LPA osteal
stenosis

Central shunt 5.8 m Yes Dead

7 4 d IVS-PA 3.5 Yes In-stent stenosis Central shunt 2.4 m Yes Alive

8 6 d VSD-PA 1.8 No In-stent stenosis Additional stent
implantation

3.8 m No Alive

9 18 d RAI-unbalanced
CAVSD-PA

2.4 Yes In-stent stenosis Central shunt 7 d Yes Dead

10 20 d RAI-CAVSD-PA 3.1 Yes In-stent stenosis Central shunt 8 d Yes Dead

11 10 d RAI-unbalanced
CAVSD-PA

2.7 No In-stent stenosis Right MBTS 3.7 m No Dead

12 13 d VSD-PA 2.7 Yes Stenosis at the aortic site Additional stent
implantation

20 d No Alive

13 6 d VSD-PA 3 No In-stent stenosis Additional stent
implantation

4 m No Alive

14 9 d IVS-PA 3.4 Yes In-stent stenosis Central shunt 2.7 m No Alive

15 30 d VSD-PA 3 No Stenosis at the aortic site Additional stent
implantation

7 d No Alive

16 14 d VSD-PA 2.9 No LPA osteal stenosis þ Low
McGoon

Central shuntþ
Bilateral pulmonary
artery plasty/ Left MBTS

5.5 m/20 m No Alive

17 8 d Critical PS 2 No To increase antegrade pulmonary
flow

Pulmonary balloon
valvuloplasty

1.7 m No Alive

18 7 d IVS-PA 3 No Stenosis at the pulmonary site Additional stent
implantation

2.3 m No Lost
follow-up

19 10 d TA-PA 3 Yes In-stent stenosis Central shunt 10 d Yes Dead

20 12 d IVS-PA 3 No Stenosis at the aortic site Additional stent
implantation

1.3 m No Dead

21 12 d VSD-PA 2.7 Yes Worsening moderate pulmonary
artery stenosis/Shunt graft
stenosisþ LPA stenosis

Central shunt/Baloon
redilatationþ Left MBTS

13 d/3m No Alive

22 7 d IVS-PA 3.4 No Stenosis at the aortic site Additional stent
implantation

3.8 m No Lost
follow-up

23 9 d VSD-PA 2.4 Yes LPA osteal stenosis þ Low
McGoon

Left MBTS 11.9 m No Alive

24 13 d IVS-PA 3 Yes Worsening moderate pulmonary
artery stenosis

Central shunt 2 d Yes Lost
follow-up

25 18 d VSD-PA 3.4 Yes LPA osteal stenosisþ Low
McGoon

Left MBTS 9.4 m No Alive

26 16 d VSD-PA 2.4 Yes Stenosis at the aortic site Additional stent
implantation

13 d No Alive

27 19 d VSD-PA 2.7 Yes Low McGoon Central shuntþ bilateral
pulmonary artery plasty

3.4 m No Alive

(Continued)
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surgical repair with a systemic-pulmonary shunt after unsuccessful
stent implantation. During diagnostic angiography performed
before definitive surgery, the median McGoon ratio significantly
increased from 1.2 (0.5–1.7) to 1.87 (1.55–2.3) (p < 0.01), and
the left-to-right pulmonary artery diameter ratio was 0.87 (0.82–
1.15). Of these 33 patients, 22 underwent a Glenn operation, 10
underwent biventricular total repair, and one underwent one
and one-half ventricle repair. Pulmonary artery reconstruction
was required in 13 patients (10 with the Glenn operation, three
with total correction) (39%) during surgical repair. The left pulmo-
nary artery was reconstructed during surgical repair in eight
patients, and the bilateral pulmonary artery was reconstructed
in five patients. The surgical repair characteristics and outcomes
of patients are summarised in Table 4. In pulmonary artery
reconstruction, there was no significant difference between those
who had palliation only with transcatheter interventions and those
who required a systemic-pulmonary shunt as a reintervention (p
= 0.67). Of these 31 patients who were bridged to surgical repair
after successful ductal stent procedure, 20 (64.5%) were bridged
to surgical repair without any reintervention, six (19.3%) required
transcatheter reintervention, and five (16.1%) required a systemic-
pulmonary shunt in the interstage period. Twenty-six (29.8%) of
87 patients were bridged to surgical repair without any surgical
intervention. The rate of palliation from the first ductal stent pro-
cedure without any reintervention was significantly higher in
patients without a vertical patent ductus arteriosus than in those
with a vertical patent ductus arteriosus (p= 0.03). Twenty-three
(26.4%) of 87 patients were in the interstage period after successful
stent implantation, and follow-up is ongoing. The observed
differences in outcomes between the functional single ventricle
and biventricular patients are summarised in Table 5.

Discussion

The ductal stent procedure has been reported as a reasonable and
less invasive alternative to the conventional systemic-pulmonary
shunt procedure for patients with ductal-dependent pulmonary

circulation.9 In our study, we demonstrated that a ductal stent
might be a reasonable and practical option for neonates with
ductal-dependent pulmonary circulation, whether they have func-
tional single ventricle or biventricular physiology, with an accept-
able technical success rate (85.2%). To our knowledge, our study
includes the largest series of neonates with ductal-dependent pul-
monary circulation who underwent ductal stent and assessed early
and midterm outcomes in a single centre.

The conventional systemic-pulmonary shunt procedure results
in a high incidence of complete occlusion requiring an additional
palliative operation, distortion, and/or stenosis of the shunted pul-
monary artery. In a significant multicentre report from the Society
of Thoracic Surgeons Congenital Heart Surgery Database, a cohort
of neonates who underwent a modified Blalock–Taussig shunt
operation without accompanying procedures experienced in-hos-
pital mortality at a rate of 7.2%, and the rate of severe morbidity
was 13.1%.2 Erek et al. conducted a study on 25 neonates who were
palliated with systemic-pulmonary shunts, and they reported a
24% in-hospital mortality rate with a 20% rate of shunt-related
complications.3 Ductal stent implantation appears to be an alter-
native to surgical palliation for patients with duct-dependent pul-
monary circulation.9 This technique will avoid the surgical
complications of the initial palliative operation and allows the
patient to undergo a corrective type of operation as the first sur-
gical intervention.

The different morphology of the ductus in neonates with right
heart obstructive pathologies requires attention when ductal stent-
ing is attempted, particularly in the subgroup of patients without
any other source of pulmonary blood flow.9 In our study, 58.8% of
patients had a vertical ductus and 41.2% had a straight ductus.
We performed additional interventions (seven pulmonary balloon
valvuloplasties and two pulmonary valve perforations) in nine
patients who had critical pulmonary stenosis, functional single
ventricle, and a straight ductus in the same setting. Ductal stenting
timing remains a real challenge in the context of additional inter-
ventions. Most of the ductal stents were implanted after balloon
pulmonary valvuloplasty as a staged procedure to obtain optimal

Table 3. (Continued )

No
Age of initial
intervention Diagnosis

Weight
(kg)

Vertical
ductus Indication Reintervention type

Time interval
(months)

Post
reintervention
complication FU status

28 20 d TA-PA 3 Yes Low McGoon Central shuntþ bilateral
pulmonary artery plasty

6.3 m Yes Dead

29 10 d IVS-PA 3.4 Yes Low McGoon Central shuntþ LPA
plasty

7.7 m Yes Dead

30 30 d VSD-PA 3 Yes Low McGoon/In-shunt stenosis Central shuntþ bilateral
pulmonary artery
plasty/Left MBT shunt

7 m/12m No Alive

31 30 d TOF 3 No Worsening moderate pulmonary
artery stenosis

Central shunt 14 d Yes Dead

32 18 d VSD-PA 3.4 Yes LPA osteal stenosisþ Low
McGoon

Central shuntþ LPA
plasty

7.4 m No Alive

33 15 d Critical PS 2 No Stenosis at the aortic site Additional stent
implantation

15 d No Alive

34 11 d DILVþ PA 2.4 Yes In-stent stenosis Central shunt 6.6 m Yes Alive

35 22 d IVSþ PA 3 Yes Worsening moderate pulmonary
artery stenosis

Central shunt 8 d No Alive

CAVSD, complete atrioventricular septal defect; DILV, double inlet left ventricle; IVS, intact ventricular septum; LPA, left pulmonary artery; MBTS,modified Blalock–Taussig shunt; PA, pulmonary
atresia; PS, pulmonary stenosis; RAI, right atrial isomerism; TA, tricuspid atresia; TOF, tetratology of Fallot; VSD, ventricular septal defect.
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ductal construction and reduce problems associated with over
circulation. In contrast, ductal stenting immediately after balloon
pulmonary valvuloplasty exhibited several advantages: repetitive
transfers to the catheterisation laboratory as well as recurrent
vascular access were avoided.10 In our cohort, we preferred to per-
form additional interventions in the same setting, and we believe
that it decreased our vascular complication rates (1%). Axillary or
carotid artery access can be used in patients with a vertical ductus
that originates proximally from the underside of the aortic
arch.11,12 These approaches allow more direct access for the
passage of a wire or balloon catheter through the ductus, thus

increasing the likelihood of successfully navigating a tortuous ductus
while decreasing procedure time and X-ray exposure.13 Although we
routinely applied the femoral artery or the femoral vein approach in
the vertical ductus, carotid artery access via carotid artery cut down
was required in 15 neonates who had a vertical ductus.

Several studies have demonstrated that ductal stent effectively
promotes pulmonary arterial growth.9,14 The McGoon index sig-
nificantly increased as a result of ductal stent procedure in patients
with ductal-dependent pulmonary blood flow. Celebi et al. con-
ducted a study on 68 infants who underwent ductal stent implan-
tation for functionally univentricular hearts with ductal-dependent

Figure 3. (a) Flow chart of either transcatheter or surgical reinterventions and outcomes of patients in the early postprocedural period. (b) Flow chart of either transcatheter or
surgical reinterventions and outcomes of patients in the late postprocedural period.
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pulmonary blood flow. In this study, only two patients were
referred for systemic-pulmonary shunt operations due to insuffi-
cient pulmonary artery growth, and the pulmonary artery diameter
ratio was 0.92 ± 0.07 at the time of the Glenn procedure.13 In
our study, the McGoon ratio ranged from 1.55 to 2.3 before the
surgical intervention, and nine patients were referred for
systemic-pulmonary shunt operations before surgical repair
because of inadequate pulmonary artery growth.

Alwi et al.15 reported that the existence of a ductal stent
increases preexisting stenosis of the PAs, typically in the left pul-
monary artery, and concluded that the metal grid of the stent
causes intense neointimal proliferation and fibrosis in the ductal
tissue surrounding the PAs. Since the ductus arteriosus implants
at the left pulmonary artery origin, the higher incidence of stenosis
in this branch can be clarified by the accompanying effect of “pul-
monary coarctation” and neointimal hyperplasia.6,7 In our study,
12 of the 33 patients required pulmonary artery patch plasty during
the surgical repair, and six (50%) of them had no reintervention
during the interstage period. We believe that ductal stent implan-
tation may adversely affect pulmonary artery growth in patients
with severe left pulmonary artery stenosis and may require addi-
tional interventions.

The ductal patency obtained with the ductal stent lasted for a
shorter time than that obtained with systemic-pulmonary shunt
surgery.7,12,16 Among several studies, stent durability varied from
1 to 1,130 days.9,13,18 In our study, the median palliation time
was 210 days (range, 2–525 days). The palliation time obtained
from the ductal stent procedure is primarily limited by neointimal
proliferation.13 On the other hand, other studies have found that
the stent durability is sufficient and allows adequate pulmonary
artery growth before Glenn operation in patients with functional
single ventricle.15,17 The desired duration of ductal patency in
patients with ductus-dependent pulmonary circulation is approx-
imately 4–6 months in functional single ventricle patients because
a bidirectional Glenn operation can be performed safely in infants
older than 4 months.5,15 In biventricular patients, the expected
palliation time may vary depending on the type of anomaly but
usually requires longer palliation time than functional univentric-
ular hearts. Therefore, surgical or nonsurgical reintervention
rates may be higher than those for functional univentricular hearts

in the interstage period. In our cohort, reintervention rates,
late interstage mortality, bridging to surgical repair without
systemic-pulmonary shunt, and bridging to surgical repair rates
were statistically similar between functional single ventricular
and biventricular patients. Furthermore, half of the patients who
were bridged to total correction repair did not require any reinter-
vention. If ductal stenosis occurs within the surgical repair time,
stent redilation or additional stent implantation can be performed.
These reinterventions are associated with high success rates and
are safe in almost all patients.

At the time of surgical repair, there is usually no need for com-
plete stent removal. The stented patent ductus arteriosus were
ligated or divided as CPB was established, and the pulmonary site
was removed together with the ductus wall. A residual stent grid
needed to be left in place at the aortic site.18 In our study, we only
ligated stented patent ductus arteriosus after CPB was performed,
and we excised the pulmonary site of the stent in patients who
underwent pulmonary artery patch plasty.

An additional marker of long-term pulmonary artery size
and function that can be measured is the need for additional
pulmonary artery interventions (either surgical or transcatheter).
This issue, as it relates to ductal stent placement, was highlighted
by Vida et al. in a cohort of 13 patients treated with ductal stent,
of whom nearly half required additional pulmonary arterioplasty
at the time of complete surgical repair and four needed additional
pulmonary artery interventions.18 The rate of the use of pulmonary
arterioplasty for subsequent surgical repair exceeded 40% in Glatz’s
study, and there was no difference in this rate between the ductal
stent and Blalock–Taussig shunt groups.12 In our study, the rate
of the use of pulmonary arterioplasty for surgical repair was 36%,
and there was no significant difference between patients who were
palliated by transcatheter interventions and those who required an
additional systemic-pulmonary shunt in the interstage period.

Reintervention in the interstage period is another critical issue.
In the United Kingdom, Bentham et al. conducted a multicentre
cohort study over a period of 4 years of neonates with a diagnosis
of duct-dependent pulmonary blood flow undergoing either an
Blalock–Taussig shunt or an arterial ductal stent procedure as their
first procedure.16 In this study, 39.8% of the ductal stent group
required additional reintervention procedures before next-stage

Figure 4. Kaplan–Meier curve show-
ing the survival probability with the
95% CI at follow-up.
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Table 4. Surgical repair characteristics and outcomes of patients

No Sex
Age at surgical
repair Diagnosis Procedure

Surgical pulmonary
artery plasty Post-operative complications FU status

1 M 2 years TGA-VSD-PS Rastelli operation No Low cardiac output, ECMO
support, sepsis

Dead

2 M 8 months DILV-PA BCPS No No Alive

3 F 4 years IVS-PA Fontan No No Alive

4 M 18 months/
3.5 years

VSD-PA Rastelli operation/pulmonary
conduit replacement

No No/cranial ischemia, sepsis Alive/dead

5 F 16 months VSD-PA RV-PA conduitþ VSD closure No No Alive

6 F 3.5 years RAI-unbalanced
CAVSD-PA

Fontan with fenestration No No Alive

7 M 1 year Mitral valve
hypoplasia-PA

BCPSþ atrial septectomy No No Alive

8 F 9 months IVS-PA BCPS Yes No Alive

9 M 7 months RAI-unbalanced
CAVSD-PA

BCPS Yes Sudden cardiac arrest, ECMO
support

Dead

10 F 11 months IVS-PA BCPS No No Alive

11 M 1.1 years VSD-PA BCPS Yes No Alive

12 F 1.1 years TA-PA BCPS No No Alive

13 F 1.3 years TGA-VSD-PS BCPS Yes Prolonged ICU stay, tracheostomy Alive

14 M 8 months VSD-PA BCPS Yes No Alive

15 M 1 year VSD-PA BCPS Yes No Alive

16 F 1.2 years CTGA-PA BCPS Yes No Alive

17 F 6 months VSD-PA Bilateral BCPS No No Alive

18 M 7 months IVS-PA BCPS Yes No Alive

19 F 1.3 years VSD-PA RV-PA conduitþ VSD closure No No Alive

20 M 7 months VSD-PA RV-PA conduitþ VSD closure Yes No Alive

21 F 1.5 years TGA-VSD-PS Rastelli operationþ Aortic
valve repair

No Complete AV block, permanent
pacemaker implantation

Alive

22 F 6.5 months TA-PA BCPS Yes No Alive

23 M 1.5 years VSD-PA RV-PA conduit Yes No Alive

24 M 7 months IVS-PA BCPSþ atrial septectomy Yes Right diaphragm paralysis,
medically treated RV thrombosis

Alive

25 M 1.2 years TGA-VSD-PS BCPSþ atrial septectomy No Chylothorax, ductus thoracicus
ligation

Alive

26 F 1.7 years VSD-PA Rastelli operation No Low cardiac output, ECMO
support

Alive

27 M 10.5 months IVS-PA BCPSþ atrial septectomy No No Alive

28 F 1 year TA-PA BCPS No No Alive

29 M 7 months TA-PA BCPS No No Alive

30 M 7.5 months TA-PA BCPS No No Alive

31 M 1.7 years TGA-VSD-PS Rastelli operation No No Alive

32 F 1.2 years TOF TOF correction Yes No Alive

33 M 8 months Critical PS BCPSþ RVOT
reconstructionþ RPA banding

No Chylothorax, ductus thoracicus
ligation

Alive

AV, atrioventricular; BCPS, bidirectional cavopulmonary shunt; CAVSD, complete atrioventricular septal defect; CTGA, congenitally corrected transposition of the great arteries; DILV, double
inlet left ventricle; ECMO, extracorporeal membrane oxygenation; FU, follow-up; IVS, intact ventricular septum; PA, pulmonary atresia; PS, pulmonary stenosis; RAI, right atrial isomerism; RPA,
right pulmonary artery; RV, right ventricle; RVOT, right ventricle outflow tract; RV-PA, right ventricle-pulmonary artery; TA, tricuspid atresia; TGA, transposition of the great arteries; TOF,
tetratology of Fallot; VSD, ventricular septal defect
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surgery, as opposed to only 24.0% in the Blalock–Taussig shunt
group, and the median duration of palliation was 243 days for
Blalock–Taussig shunt and 231 days for ductal stent.16 In our
study, the reintervention rate was 41.6%, 35 patients required
transcatheter or surgical reintervention, and the mean reinterven-
tion time was 105.1 ± 15.2 days.

According to previous studies, the risk of procedural complica-
tions was significantly higher after the Blalock–Taussig shunt
procedure after adjustment for patient factors.12,16 Additionally,
the complications observed in patients undergoing the Blalock–
Taussig shunt procedure tended to be more serious, including
the need for extracorporeal membrane oxygenation, cardiac arrest,
stroke, and wound infection requiring additional surgery. In con-
trast, most complications related to ductal stent procedures were
vascular, most commonly occlusion of the femoral artery at the site
of cannulation. The approach to ductal stent implantation may
also require alternative access strategies, including the use of the
common carotid artery or axillary artery for the more vertically
oriented ductus.12 In our study, femoral arterial access complica-
tions did not occur, but unilateral femoral and iliac vein thrombo-
sis was observed in 1 patient.

Several studies have demonstrated that the axillary artery and
carotid arteries could be used to obtain sufficiently stable access
for ductal stent implantation, especially in patients with a highly
tortuous vertical ductus.19–21 Roggen et al. conducted a study
on 98 patients who underwent ductal stent implantation. They
used the axillary artery and carotid artery route in 14 patients
(14.2%) who had a tortuous ductus after unsuccessful ductal stent
implantation via the femoral vein and artery.19 Alwi et al. reported
that the axillary route provides direct access to the patent ductus
arteriosus and does not require a long introduction sheath for stent
delivery.20 Schranz and Michel-Behnke demonstrated percutane-
ous axillary artery access in neonates who underwent ductal stent
implantation, and they rarely needed surgical cut-down of the
axillary artery.21 In our cohort, the carotid artery route was used
in 15 patients (14.7%) who had a vertical ductus with carotid artery
cut down. The carotid route was closely monitored neurologically,
carotid Doppler ultrasonography showed patent carotid arteries in
all patients, and none of them had neurological complications after
the procedure.

Interstage mortality, especially sudden cardiac arrest at home,
is another important topic in terms of follow-up. In our cohort,
10 patients (9.8%) died in the interstage period because of sudden
cardiac arrest despite monthly echocardiographic stent patency
control. Most of these deaths occurred in our early stage of

follow-up, and although most of the patients who were followed
were from outside the city, of the last 56 patients, two patients died
due to home arrest. Celebi et al. reported one home death in the
late interstage period among 65 patients,14 and the rate in the late
period of our study was close to this rate.

The retrospective and single-centre study design aspects are the
main limitations of this study. Studies in multiple centres that
include patients with various types of CHD and long-term out-
comes are needed to demonstrate the efficacy of percutaneous
stenting of the ductus.

Conclusion

Ductus arteriosus stenting can be a reasonable and effective alter-
native to surgery for the initial palliation procedure in patients with
ductus-dependent pulmonary blood flow. Although it is associated
with complications, it can provide results comparable to or even
better than those associated with the systemic-pulmonary shunt
procedure and can reduce early mortality, especially during the
newborn period. With increasing experience, ductal stent implan-
tation may provide enough palliation not only in single ventricular
patients but also in biventricular patients. We found that mortality
rates, reintervention rates, and bridging to surgical repair rates
were similar between functional single ventricular and biventricu-
lar patients. On the other hand, ductal stenting requires further
surgical manoeuvres in the pulmonary artery in nearly one-third
of the patients, especially on the left pulmonary artery, but surgical
repairs can produce good results in enlarging pulmonary arteries.
Finally, we believe that active cooperation between cardiac
surgeons and interventional paediatric cardiologists is needed to
achieve improved results in this group of patients.
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DS, ductal stent; SP, systemic-pulmonary.
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