
Percutaneous Patent Ductus Arteriosus (PDA) Closure in Very
Preterm Infants: Feasibility and Complications
Carl H. Backes, MD; Sharon L. Cheatham, ACNP, PhD; Grace M. Deyo, CPNP, PhD; Scott Leopold, MD; Molly K. Ball, MD; Charles V. Smith,
PhD; Vidu Garg, MD; Ralf J. Holzer, MD; John P. Cheatham, MD; Darren P. Berman, MD

Background-—Percutaneous closure of patent ductus arteriosus (PDA) in term neonates is established, but data regarding
outcomes in infants born very preterm (<32 weeks of gestation) are minimal, and no published criteria exist establishing a minimal
weight of 4 kg as a suitable cutoff. We sought to analyze outcomes of percutaneous PDA occlusion in infants born very preterm
and referred for PDA closure at weights <4 kg.

Methods and Results-—Retrospective analysis (January 2005–January 2014) was done at a single pediatric center. Procedural
successes and adverse events were recorded. Markers of respiratory status (need for mechanical ventilation) were determined,
with comparisons made before and after catheterization. A total of 52 very preterm infants with a median procedural weight of
2.9 kg (range 1.2–3.9 kg) underwent attempted PDA closure. Twenty-five percent (13/52) of infants were <2.5 kg. Successful
device placement was achieved in 46/52 (88%) of infants. An adverse event occurred in 33% of cases, with an acute arterial injury
the most common complication. We observed no association between weight at time of procedure and the risk of an adverse
event. No deaths were attributable to the PDA closure. Compared to precatheterization trends, percutaneous PDA closure resulted
in improved respiratory status, including less exposure to mechanical ventilation (mixed effects logistic model, P<0.01).

Conclusions-—Among infants born very preterm, percutaneous PDA closure at weights <4 kg is generally safe and may improve
respiratory health, but risk of arterial injury is noteworthy. Randomized clinical trials are needed to assess clinically relevant
differences in outcomes following percutaneous PDA closure versus alternative (surgical ligation) management strategies. ( J Am
Heart Assoc. 2016;5:e002923 doi: 10.1161/JAHA.115.002923)
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P atent ductus arteriosus (PDA) is associated with morbid-
ity1 and mortality.2 Closure of the ductus occurs within

hours in the majority (>95%) of term infants (≥37 weeks of
gestation).3 In contrast, a persistent PDA, defined as failure of
the ductus to close within 72 hours postnatal age, is seen in
�50% of very preterm infants (born at <32 weeks of

gestation).2 Although a cause-and-effect relationship between
PDAs and adverse outcomes has not been established,4 odds
for death are sixfold higher in premature infants with a
persistent PDA (failure of spontaneous or pharmacological
closure) than with a closed ductus.5 Moreover, PDAs are
considered precursors to respiratory morbidity, including
prolonged ventilator dependency.2,6

Treatment of PDAs remains a subject of tremendous
controversy and debate.4 General consensus is that a PDA
should be closed by 2 years of age to avoid the risks of
pulmonary hypertension or bacterial endocarditis,7 but dis-
agreement remains about the thresholds and strategies for
PDA closure among premature infants earlier in life.8 Until
recently, the only alternatives to close a PDA were drug
therapy or surgical ligation. However, recent data showing
drug therapy and surgical ligation to be independent risk
factors for moderate-to-severe functional disability, develop-
mental delay, and motor impairment9 have led healthcare
providers to consider alternative strategies of PDA closure.

Catheter-based closure of the PDA is among the safest of
interventional cardiac procedures and is considered the
procedure of choice among infants ≥4 kg.10 Although an
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exact lower weight limit for the safe closure of a PDA has not
been established, previous studies have excluded preterm
infants <4 kg or reported no cases of percutaneous PDA
closure below this weight threshold.11–14 While recent case
reports suggest catheter-based PDA closure is feasible
among infants <4 kg,15,16 data on the safety of the proce-
dure, including adverse events beyond the immediate
catheterization period (eg, posthospitalization), are lacking.17

Since very premature infants <4 kg are more complex and
medically fragile than are their more mature counterparts,18 a
separate consideration of the short- and long-term risks and
benefits of percutaneous PDA closure in this unique subgroup
is needed.

Specific Aims and Objectives

Primary aim

The primary aim of this study was to characterize procedural
success and the incidence and nature of adverse events
(procedural and postprocedural) among a cohort of infants
born very preterm referred for percutaneous PDA closure at
weights <4 kg.

Secondary aim

The secondary aim of this study was to compare respiratory
status before and after percutaneous PDA closure.

Methods
This study was approved by the Nationwide Children’s
Hospital Institutional Review Board. A retrospective analysis

of very premature infants <4 kg referred for percutaneous
PDA closure between January 1, 2005 and January 1, 2014
was performed.

Data Collected
Demographic data and clinical characteristics at the time of
intervention were recorded. The indications for the procedure
and any associated congenital heart defects were recorded.
Adverse events (AEs) during and after catheterization were
classified using a standard format.19,20

The modified Seldinger technique was used to obtain
vascular access. Although the dose and timing of systemic
heparin was at the discretion of the attending interventional
cardiologist, our standard approach was to provide an initial
bolus of 100 units/kg of unfractionated heparin. Repeat
bolus doses were provided to maintain activated clotting time
>250 s. Prophylactic anticoagulation was not routinely pro-
vided following the procedure.

Following baseline hemodynamic measurements (eg, mean
pulmonary artery pressures), biplane aortic angiography with
anatomic assignment of the PDA (Type A-E)21 based on size,
configuration, and relationship to adjacent structures was
performed (Figure 1A and 1B). While the angiographic clas-
sification system guides percutaneous closure, decisions
regarding the type of PDA device (AVP-II versus ADO) used
were at the discretion of the attending cardiac intervention-
alist. Consistent with previous reports,22 AVP-II device
specifications were chosen to be at least 1 to 2 mm larger
than the narrowest portion of the PDA, with the goal of using
the smallest device necessary to achieve closure and avoid
residual shunting. Following device deployment, angiography
through the delivery catheter was used to document the

A B C

Figure 1. Angiographic still frames in lateral projection illustrating percutaneous closure of PDA in a premature infant. A, Type C PDA in a 1.6-
kg infant. White arrows outline length of the PDA. B, Angiographic parameters used to define PDA classification and guide closure; A, aortic
ampulla; B, narrowest dimension; C, PDA size at insertion into pulmonary artery; D, PDA length. C, Aortic angiogram following deployment of a 6-
mm AVP-II plug. PDA indicates patent ductus arteriosus.
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position of the device relative to the pulmonary arteries. In
cases where device size or position was not ideal, the device
was recollected and a larger device (if necessary) was
redeployed. Prior to release of the device, a pullback across
the aortic arch and repeat angiography were performed to
assess for aortic narrowing (Figure 1C).

During the first 4 hours following catheterization, pedal
pulses (dorsalis pedis and/or tibialis posterior artery) in the
cannulated extremity were palpated hourly in the cardiotho-
racic intensive care unit. Thereafter, pulses were palpated at
least every 4 hours until discharge. We defined an acute
arterial injury (AAI) as evidence of weak or absent pedal pulse
in the cannulated extremity. In cases where an AAI was
suspected, infants received unfractionated heparin at a dose
(10 units/kg per hour) that did not require activated partial
thromboplastin time levels. In all cases of suspected AAI,
Doppler ultrasound measurements were performed to exclude
arterial thrombus. If no thrombus was identified, and the exam
normalized, infants were presumed to have had an arterial
spasm. On the other hand, infants with radiological evidence
of thrombosis or continued clinical concern for vascular
compromise were transitioned to enoxaparin (initial dose of
1.5 to 2 mg/kg every 12 hours).

During hospitalization, enoxaparin was titrated to achieve
an anti-Xa level of 0.5 to 1 unit/mL. Anti-Xa levels were
drawn 4 hours after the second dose and following any dose
adjustments. As outpatients, infants on enoxaparin were
followed regularly (typically twice per month) by a pediatric
hematologist. Follow-up visits included clinical examination,
enoxaparin dosing adjustments, and ultrasound examinations.
Enoxaparin was discontinued after 3 months of enoxaparin
treatment or demonstration of thrombus resolution on
Doppler ultrasound.

Technical success was defined as the infant leaving the
catheterization suite with a device in the PDA. Cases in which
the device embolized, but was later retrieved and the PDA
subsequently closed with a larger device (during the same
procedure), were considered technical successes, but also
listed as complications. Angiography and postprocedural
echocardiograms were reviewed for evidence of a residual
shunt or device protrusion.

We used a quantitative measure of pulmonary status
(Pulmonary Score) that reflects the spectrum of pulmonary
illness as seen in clinical practice.23 The Pulmonary Score is a
composite score that uses an arithmetic sum of weighted
clinical therapies, including (1) type of respiratory support
(mechanical ventilation, continuous positive airway pressure,
or nasal cannula); (2) need for supplemental oxygen (FiO2);
and (3) pulmonary medications (systemic steroids, diuretics).
Pulmonary scores were calculated based on the following:
Pulmonary Score=(FiO2) (type of respiratory support)+(med-
ications). The Pulmonary Score assigns more weight (numeric

value) to respiratory support that reflects a greater degree of
disease (eg, mechanical ventilation receives a 2.5, nasal
cannula a 1.0). Over time, lower cumulative scores reflect
improving respiratory status. Use of cardiopulmonary medi-
cations (eg, furosemide) for the week preceding the calcula-
tion of the Pulmonary Score was recorded. FiO2 was
calculated as described by Benaron and Benitz.24 To deter-
mine a patient’s “baseline” status prior to percutaneous
closure, we calculated pulmonary scores on a weekly basis
4 weeks before the procedure. In addition, to characterize
potential short- and longer-term benefits of PDA closure, the
Pulmonary Score was calculated on a weekly basis 4 weeks
after the procedure (or until hospital discharge), including
immediately (2 days) postprocedure.

Following percutaneous PDA closure, outpatient echocar-
diograms were reviewed. In addition, outpatient medical
records (cardiology clinic, primary care appointments) were
reviewed, including duration of cardiology follow-up and
causes of death, if applicable.

Statistical Analysis
A linear mixed effect model with random intercept was used
to assess the trend over time (time effect) in the average
Pulmonary Score of the cohort before and after catheteriza-
tion. This approach accounts for the correlation of measure-
ments between different points on the same subject. Given
the adverse effects of mechanical ventilation on lung growth
and function,25 a second model (mixed effect logistic
regression) was used to assess trends over time on the
proportion of neonates receiving mechanical ventilation
before and after catheterization. Variables are presented as
means�SDs or medians with range.

Results

Baseline Patient Characteristics
A total of 52 infants born very preterm were included in the
study. Baseline patient characteristics are shown in Table 1.
Approximately two thirds of infants (36/52, 69%) underwent
medical treatment for PDA closure prior to referral for
percutaneous closure. In all cases, the primary reason for
referral was respiratory insufficiency, as infants were receiv-
ing either mechanical ventilation (41/52, 79%) or noninvasive
(continuous positive airway pressure, high-flow nasal cannula)
respiratory support (11/52, 21%) at the time of referral. In
addition to the need for respiratory support, infants referred
for PDA closure also had evidence of left ventricular volume
loading (n=42), failure to thrive (n=4), or concerns for
pulmonary hypertension (n=6). Of the 52 patients in the
study, 26 (50%) had associated cardiac defects, including
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atrial septal defect (n=21), ventricular septal defect (n=3),
bicuspid aortic valve (n=1), and complete atrioventricular
canal (n=1). Ten infants weighed <2.5 kg, and 3 infants
weighed <2 kg, at the time of the procedure. All infants were
>28 days at the time of catheterization, with more than half
(27/52, 52%) >2 months of age. In all cases, the procedure
was performed with the infants under general anesthesia.

Procedural Data
Femoral arterial and venous access was obtained in all cases.
Types of devices used for PDA occlusion, as well as arterial
and venous sheath sizes, are shown in Table 2. Following an
aortic angiogram, a right and retrograde left heart catheter-
ization was performed in all patients. Classification of ductal
morphology included the following: Type A in 9 (17%), Type C
in 39 (75%), and Type C/E in 4 (8%). The median minimal PDA
diameter by angiography was 3.5 mm (range 2.1–5.8 mm),

median PDA length was 9.2 mm (range 4.4–20.6 mm), and
median PDA diameter at aortic ampulla was 5.1 mm (range
2.5–8.0 mm). The mean�SD Qp/Qs ratio was 3.4�2.1 (range
1.1–8.2). Systolic pulmonary artery pressures ranged from 22
to 68 mm Hg, and indexed pulmonary vascular resistance
from 0.8 to 6.3 Wood Units. At the time of PDA closure, 4
infants had evidence of systemic pulmonary artery pressures.
In each case, a significant decrease (>20%) in pulmonary
vascular resistance following exposure to oxygen or nitric
oxide led the cardiac interventionalist to proceed with device
closure.

Case Characteristics
Case characteristics are shown in Table 3. The majority (75%)
of cases were performed in less than 2 hours. We observed
no association between patient size and radiation dose or
case duration. All devices were delivered using an antero-
grade approach. Two infants had evidence of small-to-
moderate residual flows through the PDA device on the final
aortic angiogram in the catheterization suite.

Technical Success
Technical success was achieved in 46 (88%) patients, of which
the majority (42/46, 91%) were closed with an AVP-II device
(Table 4). We observed 2 cases where the device embolized
but was retrieved in the catheterization suite, and the PDAs
subsequently closed using a larger device.

Six attempts at PDA closure were unsuccessful and are
shown in Table 5. We observed no association between
patient size or PDA length and successful device placement.
In 5 cases the device appeared in excellent position with
complete ductal closure, but the device was not released due
to aortic isthmus narrowing (n=4) or left pulmonary artery
obstruction (n=1), and the procedure was aborted.

Table 1. Feasibility Data

Characteristics Neonates Analyzed (N=52)

Birth weight, g 1289 (475–1887)

Gestational ages at birth

23 to 25 weeks, n (%) 17 (33)

26 to 28 weeks, n (%) 21 (40)

29 to 31 weeks, n (%) 14 (27)

Female, n (%) 33 (63)

Weight (g) at time of procedure 1602 (1210–3900)

Age (d) at time of procedure 63 (29–91)

Additional cardiac defects, n (%) 26 (50)

Genetic/chromosomal anomalies, n (%) 10 (19)

Data are presented as median with range unless otherwise noted.

Table 2. Devices Used for Attempted Catheterization-Closure of PDA

Device Type
Total No. of Cases
Utilizing This Device

Arterial Sheath
3 or 3.3 Fr

Arterial Sheath
4 Fr

Venous Sheath
4 Fr

Venous Sheath
5 Fr

Venous Sheath
6 Fr

ADO I

5/4 1 0 1 0 1 0

6/4 3 2 1 0 0 3

AVP II

4 mm 11 7 4 5 5 1

6 mm 28 15 13 3 25 0

8 mm 7 6 1 0 6 1

10 mm 2 0 2 0 2 0

Devices shown reflect largest device used during attempted closure. ADO 1 indicates Amplatzer Ductal Occluder; AVP II, Amplatzer Vascular Plug II; Fr, [French] F; PDA, patent ductus
arteriosus.
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Adverse Events
Adverse events (AEs) are shown in Table 6. We observed 3
cases of device embolization, of which one required surgical
removal, and this infant underwent surgical PDA ligation. The
most common AE was an AAI in 10 (19%) infants (Table 7)
following sheath removal. We observed no association
between weight at time of procedure, sheath size, or length
of procedure and likelihood of AAI. All patients with AAIs
were started on heparin therapy with a median duration of
15.4 hours (range 14–22 hours). Four patients with
decreased pulses with no thrombus seen on ultrasound
were diagnosed with presumed arterial spasm. Six infants
were placed on enoxaparin for long-term anticoagulation
following ultrasound evidence of arterial thrombosis (n=4) or
clinical evidence of an absent pulse without ultrasound
confirmation of thrombosis (n=2). Three of the 6 infants
completed a full treatment course (12 weeks of therapy),
while 3 infants had a subsequent ultrasound showing
thrombus resolution and treatment was stopped prior to
12 weeks of therapy. Normal perfusion to the extremity
(return of distal pulses) was established in all patients.
Following initiation of anticoagulation, we observed no
evidence of cerebral vascular accidents or worsening
intraventricular hemorrhage on head ultrasound or computed
tomography scan. No patients died during cardiac catheter-
ization.

Pulmonary Status
While we observed no change prior to the catheterization,
the Pulmonary Score decreased over time after PDA
closure (Figure 2A, P<0.01). Similarly, while we observed
no change prior to catheterization, the proportion of
neonates on mechanical ventilation decreased over time
after PDA closure (Figure 2B, P<0.01). Based on the
model, the odds of receiving mechanical ventilation
decreased, on average, 58% every week following percu-
taneous PDA closure.

Outpatient Echocardiographic Follow-Up
Outpatient echocardiographic data were available in all
patients who underwent device implantation. All infants had
at least 3 echocardiograms post-PDA closure (range 3–7).
Two infants with residual shunting on angiography continued
to have evidence of residual shunting by color flow Doppler
through the device on the initial postdischarge echocardio-
gram (�1 month). The last outpatient echocardiograms in
these patients at 3 and 4 years of age, respectively, revealed
no residual shunting. No additional cases of residual PDA
shunting were observed in the outpatient setting following
discharge.

Mild flow acceleration in the descending aorta (2.1 m/s)
on initial outpatient echocardiography (�1 month) was
observed in one patient who received a 6-mm AVP-II
device at 2.7 kg. At 3-year follow-up, no evidence of flow
acceleration was observed. We observed 5 patients with
mild flow acceleration (1.9–2.8 m/s) in the left pulmonary
artery (LPA) on echocardiogram on the initial outpatient
echocardiograms. On subsequent outpatient follow-up 6 to
12 months later, we observed no evidence of residual LPA
obstruction in 3 patients, while 2 patients continue to show
evidence of mild LPA stenosis, with peak velocities of 2.7
and 2.9 m/s, respectively, at 23 and 26 months. Both
patients have undergone ventilation/perfusion scans show-
ing asymmetric split lung perfusion (�30% to left lung,
�70% to right lung), consistent with underlying LPA
stenosis, but have not undergone re-intervention to address
the LPA stenosis.

Long-Term Clinical Outcomes
Outpatient clinical data were available in 96% (50/52) of the
cohort (successful and unsuccessful cases). Two patients lost
to follow-up had their PDAs closed prior to 2006 and returned
to their native countries. The median follow-up time was
4 years (range 1–9 years). We observed no evidence of long-
term vascular compromise (leg-length discrepancy, claudica-
tion). We observed 3 infants followed in the cardiology clinic

Table 4. Cases With Successful Catheterization Closure

PDA Type N
4 mm
AVP-II

6 mm
AVP-II

8 mm
AVP-II

10 mm
AVP-II

5/4
ADO

6/4
ADO

A 9 5 0 0 0 1 3

C 33 4 23 4 2 0 0

C/E 4 1 1 2 0 0 0

Devices shown reflect largest device used during closure. ADO indicates Amplatzer
Ductal Occluder; AVP II, Amplatzer Vascular Plug II.

Table 3. Case Characteristics

Neonates Analyzed (n=52)

Contrast dose, mL/kg 5.8 (3.2–8.1)

Radiation dose, mGy 117 (16–394)

Case duration, h

<1 7 (13)

≥1, <2 32 (62)

≥2 13 (25)

Data are presented as median with range in parentheses. Case duration=time from
attempt at vascular access to sheath removal.

DOI: 10.1161/JAHA.115.002923 Journal of the American Heart Association 5

Percutaneous PDA Closure in Infants Backes et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



for pulmonary hypertension (PH). Among these infants, one
was weaned off anti-PH medications at 22 months corrected
gestational age; one infant remains on 2 anti-PH medications
(sildenafil and bosentan) at 14 months corrected gestational
age; and one infant died at 3 years of age due to presumed
PH crisis. This infant, who underwent unsuccessful device
closure, was born at 23.3 weeks gestation and had multiple
complications of preterm birth, including tracheostomy,

intraventricular hemorrhage, and cerebral palsy. Additionally,
we observed another death in a patient at 2 years of age due
to infectious complications related to chronic lung disease.
While neither death was attributable to the procedure or was
device related, autopsy was not performed in either setting.

Discussion
Evidence on the risks of drug therapy or surgical PDA
ligation26,27 has led to growing interest in the use of
percutaneous closure in premature infants.10,15,16,28–30 The
main finding of our 10-year study is that, among a large
cohort of infants born very premature and referred for
percutaneous closure at weights <4 kg, the majority are
successfully closed in the catheterization suite with evidence
of improved pulmonary status following closure, but risk of
arterial injury in these infants is noteworthy. The present
study adds to a growing body of evidence on the potential
value of percutaneous PDA closure in preterm infants.10,16,31

However, to address adequately the central question of
whether the benefits of catheter-based PDA closure outweigh
the risks,4,32 randomized, controlled trials comparing percu-
taneous PDA closure versus alternative treatment strategies
(surgical ligation, nonintervention/conservative management
approaches) are needed.

Although investigators have reported that percutaneous
closure of the PDA is the procedure of choice among infants
≥4 kg,10 the lower limit for safe closure remains unknown.
While 4 kg as a weight-cutoff is not evidence based, previous
studies have excluded preterm infants <4 kg or reported no
cases of percutaneous PDA closure below this weight

Table 6. Adverse Events (AE)

Neonates
Analyzed (N=52)

Any AE 17 (33)

AE during procedure 5 (10)

Minor airway problem* 1 (2)

Blood loss requiring blood transfusion 1 (2)

Embolization retrieved in catheterization suite† 2 (4)

Embolization not retrieved in catheterization suite‡ 1 (2)

AE postprocedure 12 (23)

Acute arterial injury§ 10 (19)

Late complicationsk 2 (4)

Data are presented as n (%).
*Endotracheal tube in the right bronchus requiring repositioning.
†Cases (n=2) where embolization retrieved in catheterization suite and patent ductus
arteriosus (PDA) subsequently closed with a larger device.
‡Case (n=1) where device embolized but was not able to be retrieved in the
catheterization suite and infant subsequently underwent surgical retrieval of the device
and closure.
§Pulse severely diminished or absent following sheath removal (details provided in
Table 7).
kCases (n=2) where PDA device caused left pulmonary artery stenosis.

Table 5. Cases With Unsuccessful Catheterization Closure

Case
No.

Weight
(kg)

PDA
Type

PDA
Diameter
(mm)*

PDA
Length
(mm) Device Complication Outcome

Follow-Up
Duration (Months)

Late
Mortality

1 2.2 C 3.2 11.4 AVP II,
4 mm

Embolized to LPA;
unable to be snared

Referred to surgery for device
retrieval and ligation

16 No

2 2.3 C 3.2 8.0 AVP II,
6 mm

Aortic Obstruction Referred for surgical ligation 36 Yes†

3 2.7 C 5.0 7.4 AVP II,
8 mm

LPA obstruction Referred for surgical ligation 42 No

4 2.7 C 2.5 6.5 AVP II,
6 mm

Aortic obstruction Referred for surgical ligation 33 No

5 3.1 C 3.0 7.0 AVP II,
6 mm

Aortic obstruction Referred for surgical ligation 52 No

6 3.1 C 3.0 4.4 AVP II,
6 mm

Aortic obstruction Referred for surgical ligation 28 No

AVP II indicates AVP II, Amplatzer Vascular Plug II; LPA, left pulmonary artery; PDA, patent ductus arteriosus.
†Patient died at 3 years of age due to presumed pulmonary hypertensive crises.
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threshold.11–14 Since very premature infants <4 kg are more
complex and medically fragile than are older counterparts,18

our working premise was that more immature infants would
represent a separate population with a unique risk/benefit
profile. To address fundamental questions regarding the use
of weight-based thresholds for percutaneous PDA closure,
large, multicenter studies with sufficient power to detect
clinically meaningful differences in outcomes across a range
of weight categories are needed. Furthermore, consideration
of patient-specific factors beyond weight (premature birth,
congenital anomalies) that underlie risk is imperative for
developing risk-stratification models to inform the practice of
evidence-based medicine.

Consistent with previous reports,33 we observed that AAIs
were the most frequent AEs during cardiac catheterization in
infants. Previous work has shown that among children
undergoing cardiac catheterization, a weight <4 kg is the
strongest predictor of arterial injury, including thrombosis.18

Thus, our cohort represents a “high-risk” subgroup of patients
for vascular-related injuries, wherein the need to identify
strategies that safely reduce vascular complications is
magnified. Since arterial access was obtained in all infants
in the present study, approaches that limit or avoid arterial
access will likely reduce AAIs. Zahn et al recently described
an approach to percutaneous PDA closure using fluoroscopy
and transthoracic echocardiography to guide transvenous
PDA closure with the avoidance of arterial access.16 Other
investigators have reported similar success in avoiding arterial
access without evidence of device embolization or malposi-
tion.30 In settings where arterial access is required, use of

antithrombotic prophylaxis may be beneficial.34 While we did
not observe an association between arterial sheath size and
risk of AAI, ongoing efforts to develop smaller sheaths and
catheters will likely reduce thrombotic complications.35

Similar to previous reports,16,31 the majority of infants in
the present cohort underwent percutaneous PDA closure
using an AVP-II device. Potential benefits of the AVP-II device
are that the disks on either end of the device have the same
diameter as the central occlusion portion, which may reduce
rates of aortic or pulmonary blood flow disturbances more
effectively than do other devices.16 However, we identified 5
cases of unsuccessful PDA closure, wherein the terminal ends
of the device interfered with aortic or pulmonary artery blood
flow. While we observed no association between PDA length
and successful device placement, this likely remains an
important factor in clinical practice. A number of device
modifications in the ADO-II AS (St Jude Medical, Minneapolis,
MN; not available in the United States), including shorter
lengths (2–6 mm), may be well suited for infants and improve
successful closure rates.36 Also, a new, flexible, self-shaping
device (Occlutech PDA occluder) has recently been designed
to address all types of PDA morphology. Early reports on the
safety and feasibility using the Occlutech PDA device have
been encouraging.37

While our overall AE rate may appear to be higher than
rates in previously reported studies,10,38 several differences in
the studies are notable. First, the risk of an AE is inversely
related to patient weight at the time of catheterization.39

Considering our study describes AE rates among a unique
subgroup of low-weight infants, including 25% who were

Table 7. Arterial Complications

Case No. Weight (kg)
Arterial
Sheath F

Procedure
Time (Min) Clinical Assessment

Ultrasound
Evidence
of Thrombosis

Enoxaparin
Treatment

Duration of Enoxaparin
Treatment (Wk)

1 1.2 3.3 73 Decreased pulse Yes Yes 12

2 1.9 3.3 83 Absent pulse No Yes 8

3 2.2 3.3 122 Decreased pulse No No NA

4 2.6 3.0 94 Absent pulse No Yes 7

5 2.6 3.3 82 Absent pulse Yes Yes 12

6 2.7 3.0 221* Absent pulse Yes Yes 12

7 3.0 4.0 131 Absent pulse Yes Yes 10

8 3.2 3.3 112 Decreased pulse No No NA

9 3.5 3.3 119 Decreased pulse No No NA

10 3.8 3.5 182 Decreased pulse No No NA

NA, not applicable. Weight: weight at time of catheterization. Sheath size ([French] F) reflects largest device used during attempted closure. Procedural time: time (min) from percutaneous
access to sheath removal. Decreased pulse: diminished pedal (dorsalis pedis/posterior tibialis) pulses compared with pulses in contralateral leg. Absent pulses: absent pedal (dorsalis
pedis/posterior tibialis) pulses.
Normal perfusion to the extremity (return of distal pulses) was established in all patients.
*Case where device embolized but was subsequently retrieved in the catheterization suite and larger device was placed successfully.
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<2.5 kg, higher rates of AEs were not unexpected. Second,
variability in AE across studies likely reflects differences in the
length of follow-up. While previous studies have described AE
rates during the procedure only,17 we describe both proce-
dural and postprocedural complications, including those in the
outpatient setting.

Limitations
Even at a single institution with a guideline-driven approach to
PDA management, the decision to refer for percutaneous
closure was at the discretion of the attending physician, with
marked variability in the timing of referral for percutaneous
closure. Thus, questions regarding patient selection and the

optimal timing for percutaneous closure remain unanswered.
Over the course of the study, devices available for percuta-
neous PDA occlusion varied; thus, a consistent PDA closure
algorithm was not feasible. While we intended to describe AEs
attributable to the catheterization procedure, we recognize
that complications are intimately tied to a variety of patient-
specific variables and the potential bias involved in retro-
spective analysis.19 Since the present study was conducted at
a major academic center, the risk of referral bias is
recognized.

Since previous data have shown that mechanical ventila-
tion increases the risk of chronic lung disease in very preterm
infants,40 improved respiratory status following percutaneous
closure is encouraging and adds to the growing body of
evidence31 on the potential value of this approach. However,
it is recognized that the possibility of unmeasured effects,
including improvement in respiratory function over time
(nutrition, linear growth), may have contributed to clinical
improvement. Moreover, it will be important to assess
whether these short-term benefits translate into long-term
improvements in respiratory and other clinically significant
outcomes.

Although we observed no association between weight at
time of catheterization or arterial sheath size and risk of an
AE, our small cohort size may explain the null findings.
Evidence of mild aortic or pulmonary artery stenosis in some
infants following PDA closure highlights the need for objec-
tive, evidence-based guidelines for optimal device place-
ment.41 Consistently applied surveillance protocols, including
routine echocardiography and ventilation–perfusion scans,
are necessary to better understand the natural history of
device-related stenosis and need for reintervention. Because
of uncertainty involving echocardiogram-derived definitions of
pulmonary hypertension, the relationship between PDA
closure and development of early or late PH remains
unknown.42 Finally, while we able to describe acute arterial
injuries systematically, data on venous complications (he-
matoma) were not available.

Conclusions
Our study describes, among a cohort of infants born very
preterm, the safety and efficacy of percutaneous PDA closure
at weights <4 kg. While technical success without adverse
events was achieved in the majority of neonates, risks of
arterial injury were noteworthy. Evidence-based data are
needed to guide clinicians on the optimal timing of catheter-
based interventions to improve outcomes, while at the same
time limiting procedure-related risks. Randomized, controlled
clinical trials with sufficient power are needed to assess
clinically relevant differences in outcomes following percuta-

Figure 2. A, Pulmonary Score pre- and post–cardiac
catheterization. X-axis represents time (days), with neg-
ative values denoting days prior to catheterization. Y-axis
designates Pulmonary Scores (mean�SD) compared to
precatheterization trends; Pulmonary Scores decreased
following PDA closure (linear mixed-effect model,
P<0.01). B, Proportion of neonates on mechanical venti-
lation pre- and postcatheterization. X-axis represents time
(days), with negative values denoting days prior to
catheterization. Y-axis designates proportion (%) of
neonates on mechanical ventilation. Compared to pre-
catheterization trends, the likelihood to receive mechan-
ical ventilation following PDA closure decreased (mixed-
effects logistic model, P<0.01). PDA indicates patent
ductus arteriosus.
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neous PDA closure versus alternative (surgical ligation)
management strategies.
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