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1  | INTRODUC TION

The optimal treatment method for infants with a patent ductus arte-
riosus (PDA) necessitating definitive closure remains a subject of tre-
mendous controversy and debate.1-4 Surgical ligation has traditionally 
been used to provide definitive ductal closure, and while ligation for 
PDA closure has demonstrated decreased mortality, it has carried a 
risk of vocal cord paralysis, postoperative cardiovascular dysfunc-
tion,5-7 and neurodevelopmental impairment.8 In fact, recent data 
suggest that surgical ligation of the PDA may be an independent risk 
factor for moderate-to-severe functional disability, developmental 

delay, and motor impairment.9 These observations have led health 
care providers to increased consideration of nonsurgical alterna-
tives to close the PDA, including percutaneous (or catheter-based) 
techniques.10

Percutaneous closure of the PDA is among the safest of inter-
ventional cardiac procedures and is considered to be the procedure 
of	choice	for	PDA	closure	beyond	infancy	(≥5	kg).11 Robust evidence 
among older and more mature patients has led investigators to study 
the feasibility and safety profile of catheter-based interventions to 
close the PDA during infancy.12 Over the past decade, our institution 
(Nationwide Children’s Hospital, NCH) has undergone a marked shift 

 

Received:	6	August	2018  |  Accepted:	16	October	2018
DOI: 10.1111/chd.12704

S P E C I A L  I S S U E  A R T I C L E

Percutaneous closure of the patent ductus arteriosus: 
Opportunities moving forward

Courtney C. Mitchell1 | Brian K. Rivera MS1 | Jennifer N. Cooper PhD2,4 |  
Charles V. Smith PhD3 | Darren P. Berman MD4,5 | Jonathan L. Slaughter MD1,4 |  
Carl H. Backes MD1,4,5 

1Center for Perinatal Research, The Research 
Institute at Nationwide Children’s Hospital, 
Columbus, Ohio
2Center for Surgical Outcomes 
Research, The Research Institute at 
Nationwide Children’s Hospital, Columbus, 
Ohio
3Center for Integrated Brain 
Research, Seattle Children’s Research 
Institute, University of Washington School 
of Medicine, Seattle, Washington
4Department of Pediatrics, The Ohio 
State University Wexner Medical Center, 
Columbus, Ohio
5The Heart Center at Nationwide Children’s 
Hospital, Columbus, Ohio

Correspondence
Carl H. Backes, MD, Center for Perinatal 
Research, Nationwide Children’s Hospital, 
700 Children’s Drive, Columbus, OH 43205 
Email: Carl.BackesJr@nationwidechildrens.org.

Abstract
The optimal treatment method for infants with a patent ductus arteriosus (PDA) ne-
cessitating closure remains a subject of controversy and debate. While the risks as-
sociated with surgical PDA ligation are well described, the available evidence base for 
alternative management strategies during infancy, including percutaneous closure or 
conservative (nonintervention) management, are not well explored. Among infants, 
the goals of this review are to: (a) use rigorous systematic review methodology to as-
sess the quality and quantity of published reports on percutaneous closure vs surgi-
cal ligation; (b) compare outcomes of percutaneous closure vs conservative 
management; and (c) based on recommendations from the International PDA sympo-
sium, to elucidate needs and opportunities for future research and interdisciplinary 
collaboration. The available evidence base, as well as on broad consensus reached at 
the International PDA Symposium, suggests that a contemporary, pragmatic clinical 
trial comparing PDA treatment strategies is warranted. Additionally, quality assur-
ance safeguards are necessary in the implementation of newer PDA closure devices. 
Finally, to determine best approaches to treatment for infants with PDA, tools for 
consistent data collection and reporting across centers and disciplines are needed to 
minimize heterogeneity and permit pooled analysis.
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away from surgical PDA ligation, and currently emphasizes conserva-
tive management (described below) followed by percutaneous closure 
for infants needing definitive ductal closure (Figure 1).13 Changes in the 
management of PDA closure away from surgical ligation are well de-
scribed in the literature,14 however the evidence driving those marked 
changes is limited. Thus, the primary objectives of this article are to: 
(a) use rigorous systematic review methodology to assess the quality 
and quantity of published reports on percutaneous closure vs surgical 
ligation during infancy; (b) compare outcomes of percutaneous closure 
vs conservative management; and (c) based on recommendations from 
the International PDA symposium, to elucidate needs and opportuni-
ties for future research and interdisciplinary collaboration.

2  | PERCUTANEOUS CLOSURE VS 
SURGIC AL PDA LIGATION

Among older, more mature patients, percutaneous closure offers 
several potential benefits over surgical PDA ligation, including fewer 
complications, shorter recovery times, and lower health care expen-
ditures.15 However, procedures performed during infancy are more 
complex than are those performed during childhood or adulthood; 
thus, separate considerations of the potential risks and benefits in this 
at-risk subgroup are needed.16

To examine the available evidence base comparing percutaneous 
closure vs surgical ligation during infancy, we conducted a literature 
search using PubMed/Medline database. Combinations of the rele-
vant medical subject heading terms, key words, and word variants 
are shown in Table 1. PubMed/Medline was searched electronically 
on February 15, 2018, and then updated on July 5, 2018; the search 
was limited to reports published prior to June 1, 2018. The reference 
lists of relevant articles and reviews were searched by hand for ad-
ditional reports. Studies were included if they compared outcomes 
of percutaneous closure and surgical ligation for PDA in an infant 

population (mean or median age at time of closure <12 months). Two 
reviewers (C.M., C.B.) independently assessed the methodological 
quality of included studies. The three studies17-19 that were identi-
fied were evaluated using the Newcastle-Ottawa Scale, which uses 
a star system to assess studies on the basis of: (a) selection of study 
groups; (b) comparability of groups; and (c) ascertainment of expo-
sure/outcome.20 No studies were excluded on the basis of quality.

Study characteristics among identified studies are summarized in 
Table 2. Our review of the available evidence suggests that the quan-
tity of data addressing the superiority of percutaneous PDA closure 
over surgical ligation during infancy is insufficient. This is unfortunate, 
in view of the increasing numbers of percutaneous closures being per-
formed during infancy.13,15-18 Based on the paucity of available data, 
health care providers must be careful not to trade the known risks 
of surgical PDA ligation for the lesser known risks of percutaneous 
PDA closure without obtaining and examining the necessary evidence 
base.

3  | PERCUTANEOUS CLOSURE VS 
CONSERVATIVE MANAGEMENT

Since all forms of PDA closure are associated with adverse effects, 
health care providers are increasingly using conservative manage-
ment.14 Conservative treatment typically includes fluid restriction, 
diuretic therapy, and positive pressure ventilation to reduce symp-
toms from the PDA, thereby providing time for the ductus to close 
spontaneously and potentially avoid unnecessary interventions.21 
Despite no clear data on the effectiveness of fluid restriction, diuretic 
therapy, and positive pressure ventilation in improving important out-
come that are commonly associated with PDA, or data on the risks 
associated with prolonged exposure to the ductus,22,23 recent data 
suggest a marked change among health care providers toward the 
conservative treatment approach.14 Using conservative treatment, 
Koch et al noted that 34% of extremely premature infants underwent 
spontaneous PDA closure by 8 postnatal days,24 while Rolland et al 
reported that 73% of extremely premature infants closed their PDAs 
by 165 days.25 Furthermore, Semberova et al reported that among 
280 VLBW (<1500 g) infants receiving conservative treatment for 
PDA and followed with consecutive echocardiography, 85% under-
went spontaneous ductal closure prior to hospital discharge.26

While conservative treatment may be a useful adjunct to duc-
tal closure and potentially reduce unnecessary interventions in an 

F I G U R E  1   Plot showing the number of surgical PDA ligations 
compared to catheter-based PDA ligations among infants at 
Nationwide Children’s Hospital from January 2007 to January 2017 
[Colour figure can be viewed at wileyonlinelibrary.com]

TA B L E  1   Literature search strategy

PubMed/Medline search strategy included the terms “patent ductus 
arteriosus” AND “congenital,” “patent ductus arteriosus” AND 
“infant,” “patent ductus arteriosus” AND “newborn,” “ductus 
arteriosus” AND “congenital,” “ductus arteriosus” AND “infant,” 
“ductus arteriosus” AND “newborn,” “ductus” AND “surgery,” 
“ductus” AND “percutaneous,” “ductus” AND “catheter,” “ductus” 
AND “transcatheter.” The singular terms “patent ductus arteriosus” 
or “ductus arteriosus,” and “ductus” were searched with limitations: 
humans-only and infants (0-1 year).
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appreciable number of infants,27,28 uncertainty remains as to what 
health care providers should do when PDAs fail to close following a 
period of conservative treatment. The only randomized clinical trial 
comparing definitive PDA closure (surgical ligation) vs conservative 
management of the ductus was performed over 35 year ago.29 The 
investigators in that study reported that, among 25 preterm infants, 
those randomized to surgical ligation had less need for mechan-
ical ventilation than did infants managed conservatively. As those 
findings may demonstrate limited applicability to modern clinical 
neonatal practice,4 contemporary comparative trials are needed to 
inform the practice of evidence-based medicine in the present era.1,8 
However, a lack of clinical equipoise has precluded the conduct of 
such trials, and many providers remain unwilling to accept either 
the potential risks of surgery or potential risks of nonintervention.4 
Moreover, the practice of percutaneous PDA closure has not been 
compared prospectively to conservative management, leaving pro-
viders without evidence-based data to guide clinical decision making.

Given the lack of available evidence, we conducted a single-center 
(NCH), retrospective cohort study (January 1, 2015-December 31, 
2017) of PDA treatment practices among preterm infants (<30 weeks 
of gestation). Consistent with PDA guidelines at our institution, all in-
fants were managed conservatively during the first month of life. We 
compared outcomes among infants undergoing percutaneous closure 
vs those receiving continued conservative treatment.

Infants in the percutaneous closure group were matched with 
infants managed conservatively on the basis of the following four 
variables: (a) gestational age at birth (weeks); (b) gender; (c) intrauter-
ine growth restriction (yes/no); and (d) composite outcome of PDA 
intensity, defined as the product of PDA duration (number of days 
exposed to the ductus), and ductal size (smallest ductal diameter, 
mm). Thus, infants in each matched pair had a similar PDA size and 
PDA exposure duration (prior to closure in the percutaneous group). 
We used a quantitative measure of pulmonary status (Pulmonary 
Score) as an outcome.30

The Pulmonary Score is a composite metric that uses an arith-
metic sum of weighted clinical therapies, including: (a) type of respi-
ratory support (mechanical ventilation, continuous positive airway 
pressure, nasal cannula, or room air); (b) amount of supplemental ox-
ygen (FiO2) required; and (c) pulmonary medications (systemic ste-
roids, bronchodilators, diuretics) administered. The Pulmonary Score 
assigns more weight (numeric value) to respiratory support that re-
flects 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. FiO2 was calculated as described by 
Benaron and Benitz for nasal cannula use.31 Pulmonary Scores were 
calculated on a weekly basis for 28 weeks (or matched time point for 
those managed conservatively). Baseline scores were taken at one 
week prior to the procedure or matching time point as a reference, 
and the change in pulmonary score at each  postprocedural time 
point was calculated relative to this value. The group means at each 
time point were compared using t tests. A Bonferroni correction was 
applied to account for multiple comparisons, such that P < .005 was 
considered statistically significant.TA

B
LE

 2
 

C
ha

ra
ct

er
is

tic
s 

an
d 

qu
al

ity
 o

f c
om

pa
ra

tiv
e 

st
ud

ie
s 

(N
 =

 3
)

So
ur

ce
 (l

as
t n

am
e 

of
 fi

rs
t 

au
th

or
, y

ea
r o

f p
ub

lic
at

io
n)

In
cl

us
io

n 
cr

ite
ria

/
pa

tie
nt

 c
ha

ra
ct

er
is

tic
s

Ex
cl

us
io

n 
cr

ite
ria

A
ge

 a
t p

ro
ce

du
re

 m
ea

n 
± 

SD
 

or
 m

ed
ia

n 
(ra

ng
e)

O
ut

co
m

e 
va

ria
bl

e(
s)

N
ew

ca
st

le
‐O

tt
aw

a 
Sc

al
e

Se
le

ct
io

n
Co

m
pa

ra
bi

lit
y

O
ut

co
m

e

(O
ut

 o
f 4

 s
ta

rs
)

(O
ut

 o
f 2

 s
ta

rs
)

(O
ut

 o
f 3

 
st

ar
s)

A
bu

 H
az

ee
m

, 2
01

317
2-

5 
kg

 a
t p

ro
ce

du
re

; 
PP

V
Si

gn
ifi

ca
nt

 
co

ng
en

ita
l h

ea
rt

 
di

se
as

e

Pe
rc

ut
an

eo
us

 c
lo

su
re

 (N
 =

 8
): 

3.
7 

m
o 

(1
.0

-5
.3

)
Ti

m
e 

to
 re

tu
rn

 to
 b

as
el

in
e 

re
sp

ira
to

ry
 s

ta
tu

s
**

**
**

**
*

Su
rg

ic
al

 lig
at

io
n 

(N
 =

 8
): 

1.
4 

m
o 

(0
.2

-4
.2

)

Pa
m

uk
cu

, 2
01

819
PD

A-
re

la
te

d 
sy

m
pt

om
s;

 le
ft

-s
id

ed
 

ca
rd

ia
c 

en
la

rg
em

en
t

>2
 k

g;
 s

ep
si

s;
 

bl
ee

di
ng

 
di

at
he

si
s

Pe
rc

ut
an

eo
us

 c
lo

su
re

 (N
 =

 2
6)

: 
27

.6
 ±

 1
7.

9 
da

ys
C

lo
su

re
 su

cc
es

s,
 co

m
pl

ic
at

io
n 

ra
te

s
**

**
**

**
*

Su
rg

ic
al

 li
ga

tio
n 

(N
 =

 3
1)

: 3
1.

3 
± 

13
.0

 d
ay

s

Li
n,

 2
00

918
Te
rm
	in
fa
nt
s	
≤3
	m
o,
	

PD
A

 >
3.

0 
m

m
 w

ith
 

sy
m

pt
om

s

In
fa

nt
s 

<3
6 

w
k;

 
ot

he
r c

ar
di

ac
 

an
om

al
ie

s

Pe
rc

ut
an

eo
us

 c
lo

su
re

 (N
 =

 2
0)

: 
51

.8
 ±

 2
1.

1 
da

ys
C

lin
ic

al
 c

ou
rs

e,
 c

om
pl

ic
at

io
n,

 
EC

H
O

 re
su

lts
**

*
**

**
*

Su
rg

ic
al

 li
ga

tio
n 

(N
 =

 1
8)

: 3
9.

9 
± 

20
.7

 d
ay

s

A
bb

re
vi

at
io

ns
: E

C
H

O
, e

ch
oc

ar
di

og
ra

m
; P

PV
, p

os
iti

ve
 p

re
ss

ur
e 

ve
nt

ila
tio

n.



98  |     MITCHELL et al.

We observed decreases in pulmonary scores, reflecting improved 
respiratory status, in both groups over time (Figure 2). Interestingly, 
the trajectories for improvement were not similar across the two 
groups, with evidence of greater improvements in respiratory status 
beyond four weeks of age among infants who underwent percutane-
ous closure than among infants treated with continued conservative 
management.

Our observation of improved respiratory status over time for both 
treatment strategies (percutaneous closure, continued conservative 
management) is noteworthy. However, in the absence of therapy ran-
domization, health care providers must weigh the risks of continued 
exposure to a PDA (while waiting and hoping for spontaneous closure) 
vs the risks of percutaneous PDA closure. To that end, identification of 
subgroups of infants most likely to benefit from PDA closure, or alter-
natively most likely to undergo spontaneous closure, would help min-
imize unnecessary and potentially harmful PDA overtreatment. Thus, 
the unanswered question is not whether to treat all PDA in preterm 
and VLBW neonates, but rather whom to treat and when.

4  | FUTURE RESE ARCH AND 
INTERDISCIPLINARY COLL ABOR ATION

4.1 | Randomized controlled trial (RCT)

The need for a RCT comparing percutaneous closure vs conservative 
management was a recommendation heard repeatedly throughout 
the symposium. Many symposium attendees suggested that this ap-
proach could provide the type of scientifically rigorous evaluation 
that would translate to evidence-based practice. To inform the de-
sign of a future RCT comparing percutaneous PDA closure vs con-
servative management, the following research should be prioritized: 
(a) characterize “high-risk” subgroups of infants with a PDA based on 
genetic, epigenetic, and clinical (echocardiographic measurements, 

biomarkers) profiles that are associated with adverse outcomes; (b) 
validate prediction models to permit early identification of infants 
with increased probabilities of persistent PDA and PDA-associated 
harm; and (c) define what constitutes clinical success following PDA 
treatment, including an emphasis on longer-term neurocognitive 
performance and quality of life.

4.2 | Quality assurance safeguards

Broad consensus was expressed about the need for quality assurance 
processes in the use of percutaneous closure among lower weight 
infants. While the St. Jude Medical AMPLATZER Duct Occluder II 
AS (ADO II AS) device may be uniquely suited for catheter-based clo-
sure of preterm infants, those in attendance agreed that waiting for 
the published results of the recently completed multicenter (St. Jude 
Medical, Inc., St. Paul, Minnesota) trial prior to widespread adoption 
was sensible.32 Moreover, practitioners were encouraged to report 
on strategies used to minimize the risks of catheter-based closures 
among lower weight infants.

4.3 | Research network

In the setting of the current ADO-II AS trial,32 the broad consensus 
emphasized the need for more consistent data reporting, including 
the alignment of key measurements and outcomes based on multidis-
ciplinary input and collaboration (interventionalists, pediatric cardi-
ologists, and neonatologists).
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