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The biological role of the ductus arteriosus (DA) in neonates varies from an innocent 
bystander role during normal postnatal transition, to a supportive role when there is 
compromise to either systemic or pulmonary blood flow, to a pathological state in the 
presence of hemodynamically significant systemic to pulmonary shunts, as occurs in 
low birth weight infants. Among a wide array of clinical manifestations arising due to 
the ductal entity, systemic circulatory insufficiency and hypotension are of significant 
concern as they are particularly challenging to manage. An understanding of the phys-
iologic interplay between the DA and the circulatory system is the key to developing 
appropriate targeted therapeutic strategies. In this review, we discuss the relationship 
of systemic hypotension to the DA, emphasizing the importance of critical thinking and 
a precise individual approach to intensive care support. We particularly focus on the 
variable states of hypotension arising directly due to a hemodynamically significant DA 
or seen in the period following successful surgical ligation. In addition, we explore the 
mechanistic contributions of the ductus to circulatory insufficiency that may manifest 
during the transitional period, states of maladapted transition (such as acute pulmonary 
hypertension of the newborn), and congenital heart disease (both ductal dependent and 
non-ductal dependent lesions). Understanding the dynamic modulator role of the ductus 
according to the ambient physiology enables a more precise approach to management. 
We review the pathophysiology, clinical manifestations, diagnosis, monitoring, and ther-
apeutic intervention for the spectrum of DA-related circulatory compromise.
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INTRODUCTION

The ductus arteriosus (DA) has a multifaceted biological role in the context of hemodynamic insta-
bility in neonates that ranges from physiologic and supportive to pathologic (Figure 1) (1). Found in 
(almost) every infant at birth, the DA is an anatomical structure that is crucial in maintaining fetal 
circulation and usually undergoes spontaneous closure after aiding a normal circulatory transition. 
A patent DA (PDA) is a DA that remains open past the natural history. The hemodynamically signifi-
cant DA (hsDA) represents the hemodynamic situation where the DA not only remains patent, but 

Abbreviations: CO, cardiac output; DA, ductus arteriosus; DAP, diastolic arterial pressure; LVO, left ventricle output; MAP, 
mean arterial pressure; PDA, patent ductus arteriosus; PVR, pulmonary vascular resistance; PBF, pulmonary blood flow; SBF, 
systemic blood flow; SAP, systolic arterial pressure; SV, stroke volume; SVR, systemic vascular resistance.

DA  = Ductus arteriosus 

Rios et al. Front Pediatr. 2018:15;6:62. 



Learning objectives 

•  Discuss the physiological considerations of a patent ductus arteriosus 
(PDA) and pulmonary mechanics. 

•  Examine the relationship between the PDA and cardio-pulmonary 
diseases of prematurity 

•  Treatment: Understand the pathophysiology of “gradual” (e.g. 
conservative/medical) “abrupt” (surgical/transcatheter) closure of the 
PDA and respiratory mechanics. 



What is the Patent Ductus Arteriosus 
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disease, which is common among premature infants, may
hinder accurate measurements of the diameters. Flow
patterns are assessed by Doppler and the growing and
pulsatile patterns indicate hemodynamically significant
left-to-right shunt through the PDA [47]. The LA/Ao ratio
has historically been an accepted surrogate of left to right
shunting with a value >1.5 indicative of an hsPDA [48]. A
major advantage of echocardiographic evaluation of the
PDA is the ability for the assessment to be done relatively
quickly and safely at the bedside.

Several studies have investigated cardiac biomarkers (B-
type natriuretic peptide [BNP] and N-terminal pro-BNP)
[49, 50] and near-infrared spectroscopy [51, 52] to assess
PDA significance and monitor treatment effect. The clinical
utility of these biomarkers remains limited owing to the
heterogeneity and variability in testing kits, as well as the
need for local validation [53]. The definition and diagnosis
of an hsPDA will continue to evolve with the advent of
improved imaging modalities (e.g., cardiac magnetic reso-
nance [54]) and better cardiac biomarkers. A consensus
definition of the hsPDA and a PDA registry that includes
patient characteristics, echocardiographic findings, clinical
signs and symptoms, and the duration of shunt exposure are
essential to determining optimal management of the
preterm PDA.

Management of the patent ductus arteriosus

A significant left-to-right shunt at the PDA leads to pul-
monary over-circulation, edema and hemorrhage and
pulmonary hypertension as well as possibly increasing the
risk of BPD. “Ductal steal” compromises blood flow to
the systemic circulation increasing the risk for NEC and
renal ischemia. Fluctuations in cerebral flow can poten-
tially increase the risk of IVH. Prophylactic indomethacin
treatment is associated with lower incidence of sympto-
matic PDA, surgical closure of PDA and IVH (Fig. 1)
[55]. In spite of these associations, optimal management
of the hsPDA in the small preterm infant remains uncer-
tain. Key unresolved questions beyond the definition of
the hsPDA include: (1) medical versus mechanical clo-
sure, (2) the ideal timing of PDA closure and (3) the
impact of PDA management on short and long-term
outcomes.

Available evidence indicates that early (within the first
two weeks), routine, and widespread (hemodynamic sig-
nificance of the PDA not accounted for) medical and (or)
surgical treatment to close the PDA in preterm infants do
not lead to predictably better outcomes [56, 57]. Con-
versely, limited evidence from quality improvement cohort
studies suggest that exposure to an hsPDA for more than the
first 7–10 days of life may be associated with an increased
incidence of BPD [58].

Medical therapies for patent ductus arteriosus
closure

Preclinical studies in different animal species have
demonstrated that inhibition of PG synthesis produces
constriction of the DA [59–61]. In 1976, two separate case
series reported on the successful closure of the PDA in
premature infants following administration of oral or rectal
indomethacin [62, 63]. Two decades later, ibuprofen was
introduced as an effective alternative to indomethacin with
less cerebrovascular constriction [64]. Indomethacin and
ibuprofen inhibit cyclooxygenase (COX), which blocks the
pathway whereby phospholipids are metabolized to PG.

A large randomized clinical trial comparing intravenous
(IV) ibuprofen to indomethacin did not show a difference
in ductal closure rates between the two groups (66 vs. 74%)
[65]. Oliguria occurred in five infants (7%) treated with
ibuprofen and in 14 (19%) treated with indomethacin and
there were no differences with respect to other side effects
or complications (including IVH, NEC, and BPD). A

Fig. 1 Consequences of persistent PDA in extremely preterm infants.
The circular pathway of blood through the left ventricle, aorta, PDA,
pulmonary circulation, and left atrium creates pulmonary over-
circulation and a “ductal steal” that leads to systemic hypoperfusion.
Fluctuation in cerebral blood flow has been associated with develop-
ment of IVH. Ao: Aorta; IVH: intraventricular hemorrhage; LA: left
atrium; NEC: necrotizing enterocolitis; PDA: patent ductus arteriosus.
Copyright Satyan Lakshminrusimha
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The clinical significance of the PDA 
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Moderate- Large PDA 
•  Increased morbidity 
•  Uncommon > 28 wks 

Clyman et al Journal of 
Perinatology 2019 

The clinical significance of the PDA 



Impact of the PDA on pulmonary mechanics 

to a peak of 87 from 2000 to 2006 and then decreased to
59 by 2012 [99]. In 2012, 2800 out of 47,900 VLBW
infants had a PDA ligation (5.9%). From 2000 to 2012,
rates of death among infants having PDA ligation
decreased from 12.4 to 6.5%. Surgical complications and
vocal cord paralysis, however, increased from 3.8% to
5.1% and 1.2% to 3.9%, respectively [99]. Another study
analyzing data from the Pediatrix Clinical Data Ware-
house including infants <30 weeks gestation diagnosed
with a PDA also showed a decrease in ligation from 8.4 to
2.9%; the median age of ligation increasing from 9 days to
21 days [100]. Data from the Canadian Neonatal Network
showed similar trends with a peak ligation rate of 21% in
2006 to a low of 10% in 2012 [101]. In a recent survey
including 100 neonatologists from 74 centers and 103
cardiologists (approximately half of whom are interven-
tional cardiologists) from 75 centers, between 24 and 34%
of neonatologists responded that they would forego sur-
gical or transcatheter closure if medical therapy failed
[102]. However, the neonatologists’ choice of therapy if
the PDA remains symptomatic at a later date is not

known. Nearly half the neonatologists believe that closing
the PDA does not alter outcomes in children born
<28 weeks gestation, while 88% of the cardiologists dis-
agree with this opinion.

Transcatheter patent ductus arteriosus closure

TCPC was pioneered in 1967 by Porstmann et al. and has,
since, been shown to be among the most successful and
safest of cardiac interventions [103, 104]. The initial tech-
niques utilized large arterial and venous sheaths that were
not suitable for small children. In the current era, TCPC is
the standard of care in children >6 kg and continues to use
both arterial and venous access. With increasing experience,
this procedure was extended to smaller (2.5–6 kg) patients
[105]. In the past few years, attempts to use a TCPC tech-
nique in even smaller infants have shown high success in
device placement and duct closure [106, 107]. The con-
ventional approach, which employed arterial access, was
associated with a significant risk of acute arterial injury
(8–19%).

Fig. 4 a Physiological effects of
a hemodynamically significant
and long-standing PDA. Ductal
steal (diversion of blood from
the systemic circulation to the
pulmonary circulation due to
left-to-right shunting across the
PDA) results in reduced left
ventricular (LV) afterload and
increased blood flow in the
pulmonary arteries (PA) and
veins (PV) leading to left atrial
(LA) enlargement.
Hyperdynamic circulation will
result in pulmonary vascular
remodeling and elevation of
pulmonary vascular resistance. b
Post cardiac ligation syndrome.
Clip placement following
prolonged patency of the ductus
arteriosus in preterm infants
leads to an abrupt decrease in
pulmonary blood flow (Qp).
Closure of the PDA also
increases LV afterload (due to
loss of ductal steal) and reduces
LV preload. Relative coronary
hypoperfusion (inability to meet
the added stress on the
myocardium) is often associated
with ventricular dysfunction and
systemic hypoperfusion.
Copyright Satyan
Lakshminrusimha
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Spectrum of options to close a PDA in premature infants 

Conservative 

Transcatheter 

the lack of comparative studies and longer term efficacy
results have left healthcare providers with insufficient
evidence to guide the practice of evidence-based medicine.
In other words, “just because we can, does not mean we
should.”

A number of strategies are available to accumulate evi-
dence to better define optimal use of the device. Transparent,
publicly reported, postmarketing surveillance is 1 strategy to
inform healthcare providers, families, and regulators, partic-
ularly regarding device-related AEs.28 Traditionally, the Food

and Drug Administration relied on healthcare providers to
report AEs attributable to a medical device.29 However,
healthcare providers may underreport such events, with
some studies suggesting that only 1% of all device-related
AEs are reported to the Food and Drug Administration,
with more serious AEs less likely to be reported.29 In
response, regulatory agencies and investigators are increas-
ingly turning to active surveillance models.30

Active surveillance uses either formal registries with
ongoing contact with providers to monitor outcomes and
side effects over time or a more sophisticated use of elec-
tronic health records as a virtual registry. One noteworthy
effort that will combine these methods, and is currently be-
ing promoted by the Food and Drug Administration, is the
National Evaluation System for health Technology
(NEST).31 NEST is a network of data partners, predomi-
nantly industry, across the medical device ecosystem. The
primary goal of NEST is to generate informative clinical
knowledge from diverse data sources (electronic health
records, billing data, and clinical registries) in an effort to
identify safety problems more quickly and to understand
better the benefit–risk profiles of devices as used in clinical
care.32 Moreover, NEST is seeking nontraditional partners
like PEDSnet, a consortium of the nation’s largest children’s
hospitals engaged in a unified electronic health record sys-
tem for longitudinal studies, to combine the best methods
from registries and records.23 Because the risk–benefit pro-
files of percutaneous occlusion are likely to change over
time (refinements in clinical technique) and vary according
to patient (degree of prematurity, birth weight, severity of
respiratory disease, duration of PDA exposure from birth,
and PDA size and illness severity), procedural (anesthesia,
operator experience), and institutional (site volume)
characteristics, the mechanisms for guiding active

Figure. Percutaneous device closure of a PDA using the
Amplatzer Piccolo Occluder. LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle.

Table. Amplatzer Piccolo Occluder use among VLW (<2.5 kg) infants

First authors (Publication year) Year Type of study
Single or
multicenter

No. of successful
implants/No. of

attempted implants
Weight (kg) at

time of procedure
No. of

major AEs*

Sungur et al16 2013 Retrospective Single center 6/7 1.8 ! 0.4 0
Agnoletti et al17 2016 Retrospective Single center 1/1 2.01 0
Narin et al18 2016 Retrospective Single center 10/10 0.9 ! 0.1 0
Narin et al19 2017 Retrospective Single center 12/12 1.4 ! 0.4 0
Morville et al20,† 2017 Prospective Single center 31/32 1.4 ! 0.5 7‡

Morville et al21,† 2018 Prospective Single center 17/18 1.0 ! 0.2 6§

Rodriguez Ogando et al22,{ 2018 Retrospective Single center 27/27 1.26 (1.0-1.98) 2**
Rodriguez Ogando et al23,{ 2018 Retrospective Single center 25/25 1.33 ! 0.28 2††

Berman et al24,‡‡ 2019 Prospective Multicenter 71/73 1.6 ! 0.8 1§§

Studies were included if the mean or median patient weight was <2.5 kg. Studies that enrolled mixed populations (infants and older children or adults) were included if individual outcomes among
infants <2.5 kg could be ascertained. Studies that included various PDA closure devices were included if outcomes among infants <2.5 kg with Amplatzer Piccolo Occluder (or Amplatzer ductal
occluder additional sizes, ADO-II AS) could be ascertained.
*As defined by Bergersen et al.25

†Potential overlap between studies.
‡Cardiac perforation by catheter wire, death (n = 1); blood loss, transfusion required (n = 1); hypotension, treatment required (n = 5).
{Potential overlap between studies.
§Cardiac preformation by catheter wire, death (n = 1); blood loss, transfusion required (n = 1); hypotension, treatment required (n = 4).
**Embolization (n = 2); “surgical complications” noted in 3 other cases with no further elaboration.
††Embolization (n = 2), percutaneous retrieval.
‡‡Abstract only.
§§Embolization, percutaneous retrieval.
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Medical  

•  Indomethacin 
•  Ibuprofen 
•  Acetaminophen 

•  Nutrition 
•  Fluids 
•  Ventilatory 
•  “benign neglect” 

Surgical  

•  Ligation 

from available evidence. Surgical closure of the PDA
involves either placement of suture ligatures or application
of vascular clips with or without ductal division. Clip
application is generally the preferred method as it is tech-
nically less demanding and requires less time [83]. The
advent of minimally invasive surgery has improved out-
comes, e.g., with thoracoscopic procedures compared with
thoracotomies [84]. The first thoracoscopic technique for
PDA closure in children was described in the 1990's and
recent reports demonstrate that this technique can be safely
performed in extremely premature infants (including those
weighting <1000 g) [85–87]. Nevertheless, surgical com-
plications include lung collapse, bronchial obstruction,
diaphragmatic paresis, vocal cord paralysis, chylothorax,
thorax deformation, inadvertent ligation of the left pul-
monary artery, and long-term sequelae like scoliosis (less
risk of scoliosis with thoracoscopic technique; Fig. 3) [88].
Ligation can also be complicated by post cardiac ligation
syndrome (defined as systolic arterial pressure less than the
third percentile requiring vasopressors with associated
ventilation and oxygenation failure) in up to 28–45% of
cases (Fig. 4) [89–91]. Observational evidence suggests that
thoracotomy and surgical ligation disrupt the respiratory
mechanics requiring time to recover and may be associated
with an increased risk of BPD, severe retinopathy of pre-
maturity, and neurodevelopmental impairment [92, 93].
This association, however, comes predominantly from

observational studies that inadequately addressed survival
bias and are confounded by indication [94]. Surgical liga-
tion is typically performed after failure of one or more trials
of medical closure.

Changing patterns of surgical ligation

A British cardiologist, Maurice Campbell, made an astute
observation over 50 years ago: “As the years pass, more
physicians will be advising operation for a persistent ductus
arteriosus with no personal experience of its natural course
without operation” [95]. A decade later, the introductory
lines of a published article on the experience of PDA clo-
sure reads: “Since the first report by Powell in 1963 of
closure of the patent ductus arteriosus in the preterm infant
with respiratory distress syndrome, controversy has existed
regarding the optimal management of these infants [96].”
These quotations are a testament to the uncertainties neo-
natologists continue to face today in determining which
very preterm infants benefit from a surgical ligation. The
pendulum has swung from an approach to close the PDA in
all premature infants as early as possible [97] to con-
siderations that no PDA needs to be closed during the
neonatal period [98].

In a recent publication reviewing data from the Kids’
Inpatient Database in the United States, the rate (per 1000
VLBW hospital births) of PDA ligation increased from 47

Fig. 3 PDA clip placement and
surgical complications. During
surgical clip placement, the ribs
are spread open and the lung is
retracted. A clip is placed around
the PDA. There is risk of injury
to the ribs (fractures), recurrent
laryngeal nerve (vocal cord
paralysis), pulmonary artery
branch and bronchus (accidental
clip placement), thoracic duct
(chylothorax), and lung
(pneumothorax). Copyright
Satyan Lakshminrusimha
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The conservative approach 

1.  Fluid intake restriction  

2.  Diuretics 

3.  Modulation of transductal flow  
a.  PEEP and inspiratory time  
b.  Hypercapnemia  
c.   Oxygenation  
d.  Hematocrit  

Smith and El Khuffash Semin Fetal Neonatal Med. 2018 Aug;23(4):245-249 

Require a systematic assessment  
in an RCT setting.  

 



Conservative approach: Fluid restriction 

1.  Meta-analysis (Bell et al. Cocharane Reviews 2014) showed that fluid restriction 
significantly increased postnatal weight loss and significantly reduced the 
risks of PDA and NEC (trends towards reduced BPD/IVH) 

2.  Fluid restriction in with a hsPDA diminished caloric and protein intake 
resulting in worse postnatal growth (Hansson Acta Paediatr. 2019) 

3.  Fluid restriction (from 145 to 108 mL/kg/day) did not have beneficial effects 
on the pulmonary or systemic hemodynamics in preterm infants (de Byust 2012) 



Conservative approach: Diuretics 

1.  There is currently not enough evidence to support the routine use of 
diuretics to prevent/treat CHF in infants with a hs-PDA. 

2.  A systematic review of the combined use of furosemide with 
indomethacin showed a trend toward failure of ductal closure. (Brion et al. 
Cocharane Reviews 2001) 

3.  Mechanism of action: Furosemide increases prostaglandin production in 
the kidneys and can potentially decrease the ductal response to 
indomethacin. 
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Non-pharmacological management of a hemodynamically significant patent
ductus arteriosus
A. Smitha, P.J. McNamarab,c, A.F. EL-Khuffasha,d,∗
a Department of Neonatology, The Rotunda Hospital, Dublin, Ireland
bDepartment of Paediatrics, University of Toronto, Toronto, Ontario, Canada
c Physiology and Experimental Medicine Program, Hospital for Sick Children Research Institute, Toronto, Ontario, Canada
d School of Medicine, Department of Paediatrics, Royal College of Surgeons in Ireland, Dublin, Ireland

A R T I C L E I N F O

Keywords:
Patent ductus arteriosus
Management

A B S T R A C T

The association between the patent ductus arteriosus (PDA) and neonatal morbidity, mortality and poor neu-
rodevelopmental outcome in later childhood has been the focus of intense debate for decades. The lack of
evidence supporting therapeutic strategies aimed at achieving PDA closure has led to the widespread adoption of
conservative management aimed at mitigating the impact of shunt volume without achieving ductal closure. In
this article, we review this management approach, describe the supportive evidence and potential complications
associated with this strategy.

1. Introduction

The association between the patent ductus arteriosus (PDA) and
neonatal morbidity, mortality, and poor neurodevelopmental outcome
in later childhood has been the focus of intense debate for decades.
Despite numerous observational studies and more than 50 randomized
controlled trials (RCTs), an agreed consensus on its management in the
premature neonatal population remains elusive. Controversy still exists
regarding the determination (and definition) of ductal hemodynamic
significance, appropriate identification of infants for therapy, selection
of treatment regimen, and the exact impact of PDA treatment on
meaningful short- and long-term outcomes. The ongoing substantial
heterogeneity in clinical practice regarding PDA management was re-
cently highlighted by the European Population-Based Cohort Study
(EPICE) study which reported that PDA treatment varied from 10% to
39% between regions, and that this difference could not be explained
by differences in perinatal characteristics [1].

There is increasing consensus that shunt volume, rather than peri-
odic estimates of transductal diameter, represents a more holistic and
accurate measure of the hemodynamic impact of a PDA. The physio-
logical impact of the duct is governed by Poiseuille's law which states
that “At a constant driving pressure the flow rate of liquid through a
tube is directly proportional to the fourth power of the radius of the
tube and inversely proportional to the length and viscosity of the tube.”
Poiseuille's law confirms that the diameter of the blood vessel plays the
greatest role of all factors in determining the rate of blood flow through

a vessel, as the rate of blood flow through a vessel is directly propor-
tional to the fourth power of the radius of that vessel. In the setting of a
PDA, vessel length, the pressure gradient across the vessel, blood
viscosity, and the diameter of the vessel all change constantly over the
first few days following birth. This dynamic nature of the components
which govern flow makes estimation of the volume of the shunt difficult
at best (Fig. 1).

2. The active treatment approach

Over the first days following birth, the transition from fetal to
neonatal circulation induces a fall in pulmonary vascular resistance.
Shunting from the systemic to pulmonary circulation across the ductus
due to this fall in pulmonary vascular resistance leads to pulmonary
over-circulation and systemic hypoperfusion. This is the mechanism by
which the ductus arteriosus is thought to be associated with a variety of
adverse neonatal outcomes including intraventricular hemorrhage
(IVH), periventricular leukomalacia (PVL), necrotizing enterocolitis
(NEC), bronchopulmonary dysplasia (BPD), and lower neurodevelop-
mental scores [2–4]. Since the recognition of the PDA as an important
entity in the hemodynamic physiology of the premature neonate in the
1960s, a wide variety of diagnostic and treatment strategies have been
implemented. From the 1970s to the mid-2000s the prophylactic ap-
proach to PDA management was widely adopted, whereby the aim was
to close all ducts in all infants as early as possible, either surgically or
medically by administering indomethacin or ibuprofen, regardless of an

https://doi.org/10.1016/j.siny.2018.03.008

∗ Corresponding author. Department of Neonatology, The Rotunda Hospital, Parnell Square, Dublin 1, Ireland.
E-mail address: afifelkhuffash@rcsi.com (A.F. EL-Khuffash).



Early 
(0-2 weeks)  

Middle 
(2 – 6 weeks) 

Rescue 

Timing 

Prophylaxis 
(< 12 hours) 

All Targeted 

The medical augmentation approach 

Agents 
•  Indomethacin (USA) 
•  Ibuprofen (Europe/Asia) 
•  Acetaminophen 

Outcomes 

Short Long 
Side effects  

Symptomatic 



Medical management 

Yurttutan et al.30 administered oral acetaminophen as a first-
line therapy for closure of hemodynamically significant ductus
arteriosus (hsDA) [15 mg/kg/dose q6h for 3 days PO] to 6
preterm neonates [median GA 28.5 weeks] with measurement
of levels 24 hours after administration of the first dose. The
overall rate of ductal closure was 83% [n ¼ 5/6], median
acetaminophen level was 13mg/L (5–18) and no adverse effects
were observed. The single non-responder had a lower serum
acetaminophen concentration. Kessel et al.31 treated 7 preterm
neonates [26–30 weeks GA] with PDA, in whom COX inhibitor
treatment was unsuccessful or contraindicated, with oral acet-
aminophen and measured serum acetaminophen concentra-
tions prior to the fifth dose, ninth dose, and 24 hours after the
administration of last dose. The rate of ductal closure after the
first course was 71% [5 of 7 infants], median serum acetamino-
phen concentration was within the target range (10–20mg/L)
and no adverse effects were observed.
Most recently, Bin-Nun et al.32 reported the association of

serum acetaminophen concentration measured 4 hours after
the eighth dose with ductal closure among 10 preterm neo-
nates [23–34 weeks GA] who were treated with oral acetami-
nophen as first line therapy for closure of hsDA [Dose: 15 mg/
kg/dose q6 h for 3 days] with 3/10 being treated after the first
10 days of life [11, 23, and 24 days, respectively]. Ductal
closure occurred in 70% of infants and no adverse effects
occurred (hepatotoxicity and renal insufficiency). Serum acet-
aminophen concentration 4 20 mg/L had 100% sensitivity
and 100% specificity for ductal closure. Acetaminophen levels
also correlated (P ¼ 0.046) with postnatal age. Given that
acetaminophen concentrations were lowest in the infants of
higher postnatal age, additional study is required to both
confirm a therapeutic threshold that facilitates ductal closure
and evaluate the relationship between age, dose, and acet-
aminophen metabolism to optimize treatment success.

Evidence of acetaminophen in treatment of PDA in preterm infants

An increasing number of controlled clinical trials have eval-
uated the efficacy and safety of acetaminophen among

preterm infants with PDA. Previous systematic reviews and
meta-analyses were reported prior to the publication of more
recent randomized trials.33,34 Limitations of previous system-
atic reviews include the small number of included trials, the
inclusion of more mature and larger preterm infants where
the incidence of spontaneous ductal closure is high, and
small sample sizes.35,36 The latest randomized trials and
observational studies have subsequently investigated the role
of universal acetaminophen prophylaxis, compared acetami-
nophen with indomethacin, and evaluated the efficacy of
treatment in extremely preterm infants. The conclusion of a
recent meta-analysis by Huang et al.,37 which compared oral
acetaminophen vs. oral ibuprofen35,36,38–40 [5 RCTs, n ¼ 677]
for treatment of patent ductus arteriosus in preterm neonates
was that acetaminophen confers comparable efficacy but
with fewer adverse effects. These trials are also limited by a
lack of homogeneity regarding the definition of hemody-
namic significance. In addition, several commentators have
questioned whether the metric of success of treatment
should be PDA closure vs. declaration of clinical/echocardiog-
raphy non-significance.

Findings from individual RCTs/key observational studies
The characteristics of included trials are summarized in
Table 1 and risk of bias assessment of all included trials is
summarized in Table 2.35,36,38–44

Early therapy

Oncel et al.36 conducted a randomized controlled trial (RCT)
of 90 preterm infants, born o30 weeks with a weight o1250 g
and echocardiography evidence of a hsDA at postnatal age
48–96 hours, to receive either oral acetaminophen (15 mg/kg
every 6 hours for 3 days, n ¼ 45) or oral ibuprofen (initial dose
of 10 mg/kg, followed by 5 mg/kg at 24 and 48 hours, n ¼ 45).
The primary outcome, defined as echocardiography-
confirmed PDA closure after the first treatment course,
occurred in 31 (77.5%) in the oral ibuprofen group vs. 29
(72.5%) in the oral acetaminophen group (P ¼ 0.6). The rates of

Fig. 1 – The arachidonic acid metabolism pathway, depicting the interactions of drugs (inhibitory, such as corticosteroids,
NSAIDS, or acetaminophen/paracetamol) and endogenous compounds (stimulating, such as hydrogen peroxide and reactive
oxygen species) with the enzymes involved in this pathway that regulate the production of prostaglandins. Reproduced with
permission from Weisz DE, Jain A, McNamara PJ. Patent Ductus Arteriosus. Ediciones Journal SA; 2016.
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Cochrane review on ibuprofen for the treatment of PDA in
premature infants concluded that ibuprofen is as effective
as indomethacin in closing a PDA and that ibuprofen
reduces the risk of NEC and transient renal insufficiency
[66]. In addition, oral administration of ibuprofen was
shown to be as effective as IV administration. In a network
meta-analysis of 68 randomized trials (4802 infants)
including 14 different variations of indomethacin, ibupro-
fen, or acetaminophen used as treatment modalities, the
overall PDA closure rate was 67 compared with 38% in the
placebo or no treatment group [67]. High-dose oral ibu-
profen (15–20 mg/kg followed by 7.5–10.0 mg/kg every
12–24 h for a total of three doses) was associated with a
significantly higher odds of PDA closure compared with
standard-dose ibuprofen (10 mg/kg followed by 5 mg/kg
administered every 12–24 h for a total of three doses) or
indomethacin (0.1–0.3 mg/kg IV every 12–24 h for three
doses). High-dose oral ibuprofen was not associated with
an increased incidence of NEC. Indomethacin, however,
remains the most widely used agent and is more prevalent
in North America, whereas ibuprofen is more commonly
used in Asia and Europe [68]. The cost of IV indomethacin

or ibuprofen in the USA can exceed $1400 per treatment
course [69].

Following a case series in 2011 of five infants with PDA
closure after acetaminophen (aka paracetamol) administra-
tion, acetaminophen use for PDA closure has gained
increasing popularity due to its potentially lower side effect
profile and as an alternate medication when COX inhibitors
are contraindicated (NEC, IVH, AKI). The presumed
mechanism of action of acetaminophen is inhibition of
peroxidase, an enzyme necessary in the synthesis of PG
[70]. Several meta-analyses have shown comparable effi-
cacy between acetaminophen and indomethacin or ibupro-
fen [67, 71, 72]. Of note, 9 out of 10 trials in these meta-
analyses included infants who were >28 weeks gestation,
which increases the risk of bias toward the null hypothesis
since the PDA has been shown to close in a great majority
of premature infants >28 weeks gestation by the end of the
first week of age [73, 74]. The one trial that included pre-
mature infants <28 weeks gestation with a hsPDA (n= 300)
did show that IV acetaminophen was as effective in closing
the PDA as ibuprofen or indomethacin [75]. In contrast, in a
recent sub-analysis of the PDA-TOLERATE trial where
infants <28 weeks gestation were assigned to either acet-
aminophen (n= 27), ibuprofen (n= 38) or indomethacin
(n= 39), the PDA constricted in 27%, 43% and 62%,
respectively, suggesting acetaminophen to be less effective
[76]. Side effects of medical therapy of the PDA are shown
in Fig. 2.

Uncertainties about the long-term benefits of early PDA
closure compounded by the adverse effects of pharmaco-
logic agents have resulted in adoption of a more con-
servative approach by neonatal providers with the
presumption that most PDAs will eventually close. Clin-
icians need to be cognizant, however, that the impact of
current treatment modalities of the conservative approach
(fluid restriction, inotropic support, increased end-
expiratory pressure) to mitigate the effects of an hsPDA
(hypotension, pulmonary edema) remains unknown and
could also contribute to morbidity [77]. A recent study has
shown that fluid restriction in premature infants with an
hsPDA diminished caloric and protein intake resulting in
worse postnatal growth [78]. Given the associations
between poor postnatal growth and a variety of poor out-
comes in extremely premature infants, the significance of
this aspect of management may be underappreciated [79].

Surgical closure of the patent ductus arteriosus

When the PDA does not spontaneously close or respond to
medical therapy and remains hemodynamically significant,
clinicians can elect to have the PDA surgically closed [80–
82]. Whether the risks and potential complications of sur-
gery outweigh the benefits of PDA closure remains unclear

Fig. 2 Side effects of pharmacotherapy for PDA. The three commonly
used medications are indomethacin, ibuprofen, and acetaminophen.
Copyright Satyan Lakshminrusimha

1452 P. Vali et al.Mechanism of action Side effect profile 

Vali  and  Lakshminrusimha J. Perinatology 2019 Jasani et al. Seminars in Perinatology 2018 



Medical management 

Indomethacin 
1976 

Ibuprofen 
1995 

Acetaminophen 
2011 

? ? ? 
•  Less risk of NEC 
•  Less transient AKI 

•  Liver enzyme increase 
•  Can be used early/1st line 
•  Comparison to IB/Indo 

showed no difference in 
BPD/NEC/IVH/ROP 

Prophylaxis 
•  ↓ PDA ligations,     
•  ↓ IVH, ↓ Pulm. Hem 
 
Early 
•  Oliguria/AKI 
•  + Steroids à SIP 
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a b s t r a c t

While cyclooxygenase inhibitors have been the most common medications used to
facilitate earlier closure of patent ductus arteriosus in preterm infants, adverse effects
and variable efficacy have highlighted a need for alternative options. Acetaminophen
facilitates ductal closure via an alternate pathway of prostaglandin inhibition. Despite
treatment with high doses, toxicity is uncommon in preterm infants, possibly due to
immature hepatic metabolism. Pooled data from randomized clinical trials of early
treatment demonstrate that acetaminophen has similar efficacy as cyclooxygenase
inhibitors for PDA closure with a favorable side effect profile and without any apparent
increase in adverse neonatal outcomes. Acetaminophen may therefore be an ideal first-line
agent among moderately and extremely preterm infants, though there is a paucity of data
from controlled trials regarding its use in infants at the border of viability (gestation age
r25 weeks). Evidence from clinical studies of limited quality supports acetaminophen
treatment as rescue therapy for infants with persistent PDA after unsuccessful cyclo-
oxygenase inhibitor treatment, including those being considered for surgical ligation.

Crown Copyright & 2018 Published by Elsevier Inc. All rights reserved.

Introduction

Management of patent ductus arteriosus (PDA) in preterm
neonates remains contentious with marked international
variability in therapeutic approaches among neonatologists.1

Pharmacological PDA treatment has, for the past 4 decades,
largely consisted of non-selective cyclooxygenase (COX)
inhibitors (e.g., ibuprofen and indomethacin). Although early
treatment has high efficacy for ductal closure (60–80%),2

failure to improve many clinical outcomes, in addition to

treatment-associated complications (e.g., acute renal injury,
oliguria, and gastrointestinal hemorrhage), has prompted the
search for an alternative agent with higher efficacy and an
improved adverse effect profile. In 2011, Hammerman et al.3

reported the first case series of use of acetaminophen as a

therapeutic agent to facilitate ductal closure in 6 preterm

infants with persistent PDA. Subsequent years have wit-

nessed a marked surge in studies evaluating acetaminophen

treatment in moderately and extremely preterm infants;

Available online at www.sciencedirect.com
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Prophylaxis Treatment and Pulmonary Hemodynamics 
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•  No superiority over indomethacin 

•  Decrease rate of PDA on DOL 3 

•  Decrease need for rescue therapy 

•  Decrease need for Ligation 

•  Negative effect on renal function 

•  No impact on IVH, BPD, mortality 
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  Ibuprofen for the prevention of patent ductus arteriosus in preterm
and/or low birth weight infants (Review)

 

  Ohlsson A, Shah SS  

  Ohlsson A, Shah SS. 
Ibuprofen for the prevention of patent ductus arteriosus in preterm and/or low birth weight infants. 
Cochrane Database of Systematic Reviews 2020, Issue 1. Art. No.: CD004213. 
DOI: 10.1002/14651858.CD004213.pub5.
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Ibuprofen for the prevention of patent ductus arteriosus in preterm and/or low birth weight infants (Review) 
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Why not use prophylactic Ibuprofen? 



Prophylactic vs. Delayed (early/late) 

Prophylactic Indomethacin Compared with Delayed Conservative
Management of the Patent Ductus Arteriosus in Extremely Preterm

Infants: Effects on Neonatal Outcomes
Melissa Liebowitz, MD1, and Ronald I. Clyman, MD1,2

Objective To determine whether prophylactic indomethacin (PINDO) has more or less morbidity than delayed
conservative management of the moderate-to-large patent ductus arteriosus (PDA).
Study design We performed a prospective double cohort controlled study of infants delivered at ≤276/7 weeks
gestation (n = 397). From January 2005 through April 2011, all infants were treated with PINDO (n = 247). From
May 2011 through August 2016, no infant was treated with indomethacin until at least 8 postnatal days (conser-
vative epoch, n = 150). Echocardiograms were performed on day 7 and at planned intervals until the PDA was small
or closed. A single neonatologist prospectively collected all data.
Results The incidence of moderate-to-large PDA on day 7 and duration of exposure to moderate-to-large PDA
were significantly less in the PINDO epoch (incidence = 10%, median = 2 days) than the conservative epoch (in-
cidence = 67%, median = 14 days). Ligation rates were low in both epochs (PINDO = 14%, conservative = 5%). In
multivariate analyses, PINDO infants had a significantly lower incidence of bronchopulmonary dysplasia (BPD) (risk
ratio = 0.68, CI: 0.46-0.89) and BPD or death (risk ratio= 0.78, CI: 0.62-0.95) than conservative infants. There were
no differences between the epochs in death, intraventricular hemorrhage grades 3 and 4, necrotizing enterocolitis,
or retinopathy of prematurity receiving treatment. The effects of PINDO on BPD and BPD or death were no longer
significant when analyses were adjusted for presence of a moderate-to-large PDA on day 7. The significant effects
of PINDO were independent of whether or not a ligation was performed.
Conclusions PINDO decreases BPD and BPD or death compared with delayed conservative PDA manage-
ment. These effects are mediated by closure of the PDA. (J Pediatr 2017;187:119-26).

See editorial, p 8

E xtremely preterm infants frequently develop a moderate-to-large patent ductus arteriosus (PDA) at the end of the first
week. Early pharmacologic treatment of the PDA is effective in closing the PDA, decreasing the incidence of hemor-
rhagic pulmonary edema1-3 and hypotension, and decreasing the need for early ventilator and inotropic support.4,5 However,

long-term benefits appear to be lacking.2,4,6-9 Although retrospective observational studies demonstrate an association between
the presence of a PDA and long- term morbidities (necrotizing enterocolitis [NEC], bronchopulmonary dysplasia [BPD]), no
association has been found in the randomized controlled trials (RCTs) that have explored this issue.2,4,6-9 Based on the evidence
from the existing RCTs, the American Academy of Pediatrics Committee on Fetus and Newborn recently concluded that “routine
treatment to induce closure of the ductus, either medically or surgically, in the first 2 weeks after birth does not improve long-
term outcomes”and that“prophylactic use of indomethacin may not be justified by an expectation of better long-term outcomes”.10

Although these RCTs failed to show any long-term benefits, it might be a mistake to conclude, based on their results, that
exposure to a PDA during the first 2 weeks has no long-term consequences. Most of the prior RCTs enrolled patients based on
whether the PDA was “present,” without taking into account either the magnitude or the duration of the left-to-right shunt.
Recent studies have shown that the development of BPD is associated with persistent moderate-to-large PDAs but is not as-
sociated with persistent small, nonsignificant PDAs.11 In addition, the average difference between the groups in length of ex-
posure to the PDA was less than 6 days. Therefore, it is possible that longer exposure
to a moderate-to-large PDA may affect long-term morbidity.

BPD Bronchopulmonary dysplasia
BPD/death BPD or death before 36 weeks
IVH Intraventricular hemorrhage
NEC Necrotizing enterocolitis
PDA Patent ductus arteriosus

PINDO Prophylactic indomethacin
RCTs Randomized controlled trials
RR Risk ratio
sIVH Serious IVH
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Association between Use of Prophylactic Indomethacin and the Risk
for Bronchopulmonary Dysplasia in Extremely Preterm Infants

Erik A. Jensen, MD, MSCE1, Kevin C. Dysart, MD1, Marie G. Gantz, PhD2, Benjamin Carper, MS2, Rosemary D. Higgins, MD3,
Martin Keszler, MD4, Matthew M. Laughon, MD, MPH5, Brenda B. Poindexter, MD, MS6, Barbara J. Stoll, MD7,

Michele C. Walsh, MD, MS8, and Barbara Schmidt, MD, MSc1, on behalf of the Eunice Kennedy Shriver National Institute of
Child Health and Human Development Neonatal Research Network*

Objective To assess the association between prophylactic indomethacin and bronchopulmonary dysplasia (BPD)
in a recent, large cohort of extremely preterm infants.
Study design Retrospective cohort study using prospectively collected data for infants with gestational ages < 29
weeks or birth weights of 401-1000 g born between 2008 and 2012 at participating hospitals of the National Insti-
tute of Child Health and Human Development Neonatal Research Network. Infants treated with indomethacin in
the first 24 hours of life were compared with those who were not. Study outcomes were BPD, defined as use of
supplemental oxygen at 36 weeks postmenstrual age among survivors to that time point, death, and the compos-
ite of death or BPD. Prespecified subgroup analyses were performed.
Results Prophylactic indomethacin use varied by hospital. Treatment of a patent ductus arteriosus after the first
day of life was less common among 2587 infants who received prophylactic indomethacin compared with 5244
who did not (21.0% vs 36.1%, P < .001). After adjustment for potential confounders, use of prophylactic indometha-
cin was not associated with higher or lower odds of BPD (OR 0.89, 95% CI 0.72-1.10), death (OR 0.80, 95% CI
0.64-1.01), or death or BPD (OR 0.87, 95% CI 0.71-1.05). The only evidence of subgroup effects associated with
prophylactic indomethacin were lower odds of death among infants with birth weights above the 10th percentile
and those who were not treated for a patent ductus arteriosus after the first day of life.
Conclusions Prophylactic indomethacin was not associated with either reduced or increased risk for BPD or
death. (J Pediatr 2017;186:34-40).
Trial registration ClinicalTrials.gov: NCT00063063

See editorial, p 11

The use of prophylactic indomethacin in preterm infants remains controversial.1 Prophylactic indomethacin reduces the
incidence of severe intraventricular hemorrhage and subsequent symp-
tomatic patent ductus arteriosus (PDA).2 However, prophylactic indo-

methacin has not been shown to prevent bronchopulmonary dysplasia (BPD),
despite a strong association between PDA and the development of BPD.2-7 The
available data from randomized trials are consistent with the hypothesis that pro-
phylactic indomethacin may adversely affect respiratory outcomes. The most recent
Cochrane Review on prophylactic indomethacin included 9 RCTs that assessed
supplemental oxygen use at 28 days of life and only 1 trial, the Trial of Indo-
methacin Prophylaxis in Preterms (TIPP) that assessed supplemental oxygen use
at 36 weeks postmenstrual age (PMA).2,8 Treatment with prophylactic indometha-
cin did not significantly reduce the rates of either BPD outcome, but the point
estimates of the relative risks favored the control therapy for both definitions of
BPD.8

BPD Bronchopulmonary dysplasia
GDB Generic Database
NRN Neonatal Research Network
PDA Patent ductus arteriosus
PMA Postmenstrual age
RCTs Randomized controlled trials
TIPP Trial of Indomethacin Prophylaxis in Preterms
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PDA and its treatment effects on pulmonary mechanics 
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Early treatment vs. conservative 

•  ↓ inotropic support 
•  No change in BPD 
•  No change in NEC 
•  No reduction in ligation 
•  Delayed feedings 

PDA-TOLERATE Trial: An Exploratory Randomized Controlled
Trial of Treatment of Moderate-to-Large Patent Ductus Arteriosus

at 1 Week of Age
Ronald I. Clyman, MD1,2, Melissa Liebowitz, MD1, Joseph Kaempf, MD3, Omer Erdeve, MD4, Ali Bulbul, MD5,

Stellan Håkansson, MD6, Johanna Lindqvist, MD6, Aijaz Farooqi, MD6, Anup Katheria, MD7, Jason Sauberan, PharmD7,
Jaideep Singh, MD8, Kelly Nelson, MD8, Andrea Wickremasinghe, MD9, Lawrence Dong, MD9, Denise C. Hassinger, MD10,

Susan W. Aucott, MD11, Madoka Hayashi, MD11, Anne Marie Heuchan, MD12, William A. Carey, MD13, Matthew Derrick, MD14,
Erika Fernandez, MD15, Meera Sankar, MD16, Tina Leone, MD17, Jorge Perez, MD18, Arturo Serize, PA18, and the

PDA-TOLERATE (PDA: TO LEave it alone or Respond And Treat Early) Trial Investigators*

Objective To compare early routine pharmacologic treatment of moderate-to-large patent ductus arteriosus (PDA)
at the end of week 1 with a conservative approach that requires prespecified respiratory and hemodynamic crite-
ria before treatment can be given.
Study design A total of 202 neonates of <28 weeks of gestation age (mean, 25.8 ± 1.1 weeks) with moderate-
to-large PDA shunts were enrolled between age 6 and 14 days (mean, 8.1 ± 2.2 days) into an exploratory ran-
domized controlled trial.
Results At enrollment, 49% of the patients were intubated and 48% required nasal ventilation or continuous posi-
tive airway pressure. There were no differences between the groups in either our primary outcome of ligation or
presence of a PDA at discharge (early routine treatment [ERT], 32%; conservative treatment [CT], 39%) or any of
our prespecified secondary outcomes of necrotizing enterocolitis (ERT, 16%; CT, 19%), bronchopulmonary dys-
plasia (BPD) (ERT, 49%; CT, 53%), BPD/death (ERT, 58%; CT, 57%), death (ERT,19%; CT, 10%), and weekly need
for respiratory support. Fewer infants in the ERT group met the rescue criteria (ERT, 31%; CT, 62%). In secondary
exploratory analyses, infants receiving ERT had significantly less need for
inotropic support (ERT, 13%; CT, 25%). However, among infants who were
≥26 weeks gestational age, those receiving ERT took significantly longer
to achieve enteral feeding of 120 mL/kg/day (median: ERT, 14 days [range,
4.5-19 days]; CT, 6 days [range, 3-14 days]), and had significantly higher
incidences of late-onset non-coagulase-negative Staphylococcus bacte-
remia (ERT, 24%; CT,6%) and death (ERT, 16%; CT, 2%).
Conclusions In preterm infants age <28 weeks with moderate-to-large
PDAs who were receiving respiratory support after the first week, ERT did
not reduce PDA ligations or the presence of a PDA at discharge and did
not improve any of the prespecified secondary outcomes, but delayed full
feeding and was associated with higher rates of late-onset sepsis and death
in infants born at ≥26 weeks of gestation. (J Pediatr 2019;205:41-8).
Trial registration ClinicalTrials.gov: NCT01958320.

M ost preterm infants at ≥28 weeks of gestation spontaneously close the
patent ductus arteriosus (PDA) by the end of the first postnatal week.1,2

In contrast, 50%-70% of infants at <28 weeks of gestation have a
moderate-to-large PDA shunt that persists for weeks after birth.3 A moderate-to-large

BPD Bronchopulmonary dysplasia
CPAP Continuous positive nasal airway pressure
CT Conservative treatment
ERT Early routine treatment
FiO2 Fraction of inspired oxygen
NEC Necrotizing enterocolitis
PDA Patent ductus arteriosus
RCT Randomized controlled trial
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Eligibility: Moderate-to-large PDA 
 
Enrollment: > 1 week of age 
  



Length of exposure and BPD 

Relationship between Duration of Infant Exposure to a
Moderate-to-Large Patent Ductus Arteriosus Shunt
and the Risk of Developing Bronchopulmonary
Dysplasia or Death Before 36 Weeks
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Between 50 and 70% of infants with <28 weeks gestational
age (GA) have a patent ductus arteriosus (PDA) that persists
for weeks after birth.1 Although there is an association
between a PDA and the riskof developing bronchopulmonary
dysplasia (BPD) or death before 36 weeks (BPD/death), the
risk appears to depend not on the presence or absence of a
PDA but on the magnitude of the PDA shunt.2,3

Whether the PDA plays a causative role in the develop-
ment of BPD/death is still unclear. Randomized controlled
trials (RCTs) using prophylactic or early PDA treatment have
not shown a decrease in the incidence of BPD/death.4–8 Nor
has a decrease in the incidence of BPD/death been found
when PDA treatment begun after the first postnatal week
was comparedwith an approach that delayed PDA treatment

Keywords
► ductus arteriosus
► bronchopulmonary

dysplasia
► death
► extremely low

gestational age
infants

Abstract Objective This study was aimed to examine the relationship between duration of
infant exposure to a moderate-to-large patent ductus arteriosus (PDA) shunt and the
risk of developing bronchopulmonary dysplasia (BPD) or death before 36 weeks (BPD/
death).
Study Design Infants <28 weeks’ gestation who survived !7 days (n¼423) had
echocardiograms performed on day 7 and at planned intervals.
Results In multivariable regressionmodels, BPD/death did not appear to be increased
until infants had been exposed to a moderate-to-large PDA for at least 7–13 days: OR
(95%CI) (referent¼ closed or small PDA): moderate-to-large PDA exposure for<7 days:
0.38 (range, 0.10–1.46); for 7 to 13 days¼2.12 (range, 1.04–4.32); for !14 days
¼3.86 (range, 2.15–6.96). Once the threshold of 7 to 13 days had been reached,
additional exposure (!14 days) did not significantly add to the increased incidence of
BPD/death: (referent exposure¼7–13 days) exposure for 14 to 27 days¼1.34 (range,
0.52–3.45); for 28 to 48 days¼2.34 (range, 0.88–6.19); for !49 days¼ 1.80 (range.
0.59–5.47). A similar relationship was found for the outcome of BPD-alone.
Conclusion Infants< 28 weeks’ gestation required at least 7 to 13 days of exposure to
a moderate-to-large PDA before a significant increase in the incidence of BPD/death
was apparent. Once this threshold was reached additional exposure to a moderate-to-
large PDA did not significantly add to the increased incidence of BPD/death.
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incidence of BPD did not appear to be increased until infants
had been exposed to a moderate-to-large PDA for at least
14 days (►Table 2: model 1). Once the infants had been
exposed to a moderate-to-large shunt for 14 to 27 days,
additional exposure (!28 days) did not significantly add to
the already increased incidence of BPD:PDA exposure for 14
to 27 days (referent: OR¼1); 28 to 48 days (OR¼2.02, 95%
CI: 0.70–5.78; !49 days: 2.05 (range, 0.68–6.18).

We found no consistent relationship between increasing
lengths of PDA exposure and the incidence of death during
the hospitalization (data not shown).

Discussion

Recent studies have suggested that infants with small PDA
shunts do not appear to be at increased risk for developing
BPD/death or BPD.2,3 Only infants with moderate-to-large
PDA shunts appear to be at increased risk. Our results agree
with the prior findings. While these results do not prove a
cause-and-effect relationship, they do indicate that the
presence of a moderate-to-large PDA may be a useful bio-
marker for identifying infants at increased risk for BPD/death
and BPD.

Table 2 Adjusted risk models that examine the relationship between PDA exposure and the outcomes BPD/death and BPD

Model 1 Model 2 Model 3 Model 4 Model 5

Final model Final modelþ
ligation

Final modelþ
prophylactic
indomethacin

Final modelþ
any PDA Rx

Final modelþ
PDA reopened

Outcome: BPD/death OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

PDA exposure

Closed/small 1.0 1.0 1.0 1.0 1.0

< 7 days 0.38 (0.10–1.46) 0.22 (0.05–1.05) 0.37 (0.10–1.43) 0.36 (0.09–1.39) 1.40 (0.24–8.22)

7–13 days 2.12 (1.04–4.32)a 1.77 (0.84–3.75) 1.48 (0.68–3.23) 2.00 (0.97–4.09) 2.80 (1.29–6.08) a

! 14 days 3.86 (2.15–6.96)a 3.36 (1.82–6.21)a 2.73 (1.42–5.23)a 3.95 (2.18–7.14)a 4.63 (2.46–8.69)a

Gestation
$25 weeks

1.86 (1.11–3.12)a 1.87 (1.11–3.13)a 1.95 (1.16–3.29)a 1.85 (1.11–3.11)a 1.84 (1.09–3.09)a

Small for gestation 10.08 (3.88–26.21)a 9.86 (3.79–25.64)a 10.42 (4.05–26.82)a 10.18 (3.86–26.81)a 10.74 (4.08–28.26)a

Intubated
during 1st day

9.34 (3.61–24.12)a 8.93 (3.45–23.15)a 11.52 (4.32–30.69)a 8.26 (3.14–21.74)a 9.17 (3.50–24.00)a

Late onset sepsis 4.08 (2.42–6.86)a 3.94 (2.33–6.66)a 4.68 (2.72–8.05)a 3.95 (2.34–6.68)a 4.49 (2.63–7.65)a

Net fluid gain
during 1st 72 hoursb

1.002
(0.999–1.005)

1.002
(0.999–1.005)

1.003a

(1.000–1.005)
1.002
(0.999–1.005)

1.003a

(1.000–1.005)

PDA ligation 2.00 (0.825–4.85)

Prophylactic
indomethacin

0.49 (0.26–0.90)a

Any PDA Rx 1.49 (0.74–3.00)

PDA reopened 0.27 (0.09–0.83)a

Outcome: BPD

PDA exposure:

Closed/small 1.0 1.0 1.0 1.0 1.0

< 7 days 0.36 (0.09–1.36) 0.16 (0.48–2.49)a 0.35 (0.09–1.32) 0.32 (0.08–1.24) 0.72 (0.13–4.01)

7–13 days 1.46 (0.67–3.14) 1.10 (0.48–2.50) 1.06 (0.46–2.44) 1.31 (0.60–2.84) 1.68 (0.74–3.78)

! 14 days 4.09 (2.32–7/22)a 3.38 (1.87–6.10)a 2.89 (1.50–5.59)a 4.22 (2.37–7.51)a 4.46 (2.43–8.18)a

Gestation
$25 weeks

1.84 (1.12–3.05)a 1.84 (1.11–3.05)a 1.89 (1.14–3.13)a 1.85 (1.12–3.07)a 1.83 (1.11–3.03)a

Intubated
during 1st day

14.18
(4.14–48.45)a

13.27
(3.88–45.36) a

16.47
(4.77–56.90)a

11.85 (3.44–40.84)a 13.87
(4.04–47.70)a

Late onset sepsis 3.92 (2.32–6.63)a 3.85 (2.27–6.55)a 4.28 (2.50–7.33)a 3.83 (2.26–6.50)a 4.13 (2.42–7.05)a

PDA ligation 2.81 (1.14–6.92) a

Prophylactic
Indomethacin

0.54 (0.29–0.99)a

Any PDA Rx 1.98 (0.95–4.14)

PDA reopened 0.49 (0.17–1.46)

Abbreviations: BPD, bronchopulmonary dysplasia; CI, confidence interval; OR, odds ratio; PDA, patent ductus arteriosus; Rx, treatment.
ap-Value< 0.05. OR (95% CI).
bNet fluid gain during 1st 72 hours, OR (95% CI) for 1mL net fluid gain.
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incidence of BPD did not appear to be increased until infants
had been exposed to a moderate-to-large PDA for at least
14 days (►Table 2: model 1). Once the infants had been
exposed to a moderate-to-large shunt for 14 to 27 days,
additional exposure (!28 days) did not significantly add to
the already increased incidence of BPD:PDA exposure for 14
to 27 days (referent: OR¼1); 28 to 48 days (OR¼2.02, 95%
CI: 0.70–5.78; !49 days: 2.05 (range, 0.68–6.18).

We found no consistent relationship between increasing
lengths of PDA exposure and the incidence of death during
the hospitalization (data not shown).

Discussion

Recent studies have suggested that infants with small PDA
shunts do not appear to be at increased risk for developing
BPD/death or BPD.2,3 Only infants with moderate-to-large
PDA shunts appear to be at increased risk. Our results agree
with the prior findings. While these results do not prove a
cause-and-effect relationship, they do indicate that the
presence of a moderate-to-large PDA may be a useful bio-
marker for identifying infants at increased risk for BPD/death
and BPD.

Table 2 Adjusted risk models that examine the relationship between PDA exposure and the outcomes BPD/death and BPD

Model 1 Model 2 Model 3 Model 4 Model 5

Final model Final modelþ
ligation

Final modelþ
prophylactic
indomethacin

Final modelþ
any PDA Rx

Final modelþ
PDA reopened

Outcome: BPD/death OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

PDA exposure

Closed/small 1.0 1.0 1.0 1.0 1.0

< 7 days 0.38 (0.10–1.46) 0.22 (0.05–1.05) 0.37 (0.10–1.43) 0.36 (0.09–1.39) 1.40 (0.24–8.22)

7–13 days 2.12 (1.04–4.32)a 1.77 (0.84–3.75) 1.48 (0.68–3.23) 2.00 (0.97–4.09) 2.80 (1.29–6.08) a

! 14 days 3.86 (2.15–6.96)a 3.36 (1.82–6.21)a 2.73 (1.42–5.23)a 3.95 (2.18–7.14)a 4.63 (2.46–8.69)a

Gestation
$25 weeks

1.86 (1.11–3.12)a 1.87 (1.11–3.13)a 1.95 (1.16–3.29)a 1.85 (1.11–3.11)a 1.84 (1.09–3.09)a

Small for gestation 10.08 (3.88–26.21)a 9.86 (3.79–25.64)a 10.42 (4.05–26.82)a 10.18 (3.86–26.81)a 10.74 (4.08–28.26)a

Intubated
during 1st day

9.34 (3.61–24.12)a 8.93 (3.45–23.15)a 11.52 (4.32–30.69)a 8.26 (3.14–21.74)a 9.17 (3.50–24.00)a

Late onset sepsis 4.08 (2.42–6.86)a 3.94 (2.33–6.66)a 4.68 (2.72–8.05)a 3.95 (2.34–6.68)a 4.49 (2.63–7.65)a

Net fluid gain
during 1st 72 hoursb

1.002
(0.999–1.005)

1.002
(0.999–1.005)

1.003a

(1.000–1.005)
1.002
(0.999–1.005)

1.003a

(1.000–1.005)

PDA ligation 2.00 (0.825–4.85)

Prophylactic
indomethacin

0.49 (0.26–0.90)a

Any PDA Rx 1.49 (0.74–3.00)

PDA reopened 0.27 (0.09–0.83)a

Outcome: BPD

PDA exposure:

Closed/small 1.0 1.0 1.0 1.0 1.0

< 7 days 0.36 (0.09–1.36) 0.16 (0.48–2.49)a 0.35 (0.09–1.32) 0.32 (0.08–1.24) 0.72 (0.13–4.01)

7–13 days 1.46 (0.67–3.14) 1.10 (0.48–2.50) 1.06 (0.46–2.44) 1.31 (0.60–2.84) 1.68 (0.74–3.78)

! 14 days 4.09 (2.32–7/22)a 3.38 (1.87–6.10)a 2.89 (1.50–5.59)a 4.22 (2.37–7.51)a 4.46 (2.43–8.18)a

Gestation
$25 weeks

1.84 (1.12–3.05)a 1.84 (1.11–3.05)a 1.89 (1.14–3.13)a 1.85 (1.12–3.07)a 1.83 (1.11–3.03)a

Intubated
during 1st day

14.18
(4.14–48.45)a

13.27
(3.88–45.36) a

16.47
(4.77–56.90)a

11.85 (3.44–40.84)a 13.87
(4.04–47.70)a

Late onset sepsis 3.92 (2.32–6.63)a 3.85 (2.27–6.55)a 4.28 (2.50–7.33)a 3.83 (2.26–6.50)a 4.13 (2.42–7.05)a

PDA ligation 2.81 (1.14–6.92) a

Prophylactic
Indomethacin

0.54 (0.29–0.99)a

Any PDA Rx 1.98 (0.95–4.14)

PDA reopened 0.49 (0.17–1.46)

Abbreviations: BPD, bronchopulmonary dysplasia; CI, confidence interval; OR, odds ratio; PDA, patent ductus arteriosus; Rx, treatment.
ap-Value< 0.05. OR (95% CI).
bNet fluid gain during 1st 72 hours, OR (95% CI) for 1mL net fluid gain.
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•  Infants < 28 weeks’ gestation 
required at least 7 to 13 days of 
exposure to a moderate-to-large 
PDA before a significant increase 
in the incidence of BPD was 
apparent  



Take home message:  
Critical window (<10 days) for treatment of a moderate-large PDA to ↓ BPD 

Early 
(0-2 weeks)  

Middle Rescue 

Timing 

Agents 

Prophylaxis 
(< 12 hours) 

•  Indomethacin (USA) 
•  Ibuprofen (Europe/Asia) 
•  Acetaminophen 

Outcomes 

Short Long 
Side effects  

Critical window  ↓ BPD 



The PDA is hemodynamically significant: Medical approach 

Association of Placebo, Indomethacin, Ibuprofen,
and Acetaminophen With Closure of Hemodynamically
Significant Patent Ductus Arteriosus in Preterm Infants
A Systematic Review and Meta-analysis
Souvik Mitra, MD; Ivan D. Florez, MD, MSc; Maria E. Tamayo, MD, MSc; Lawrence Mbuagbaw, MD, PhD; Thuva Vanniyasingam, MSc;
Areti Angeliki Veroniki, PhD; Adriana M. Zea, RD; Yuan Zhang, PhD; Behnam Sadeghirad, PharmD, MPH; Lehana Thabane, PhD

IMPORTANCE Despite increasing emphasis on conservative management of patent ductus
arteriosus (PDA) in preterm infants, different pharmacotherapeutic interventions
are used to treat those developing a hemodynamically significant PDA.

OBJECTIVES To estimate the relative likelihood of hemodynamically significant PDA closure
with common pharmacotherapeutic interventions and to compare adverse event rates.

DATA SOURCES AND STUDY SELECTION The databases of MEDLINE, Embase, and the
Cochrane Central Register of Controlled Trials were searched from inception until
August 15, 2015, and updated on December 31, 2017, along with conference proceedings
up to December 2017. Randomized clinical trials that enrolled preterm infants with
a gestational age younger than 37 weeks treated with intravenous or oral indomethacin,
ibuprofen, or acetaminophen vs each other, placebo, or no treatment for a clinically
or echocardiographically diagnosed hemodynamically significant PDA.

DATA EXTRACTION AND SYNTHESIS Data were independently extracted in pairs by 6 reviewers
and synthesized with Bayesian random-effects network meta-analyses.

MAIN OUTCOMES AND MEASURES Primary outcome: hemodynamically significant PDA
closure; secondary: included surgical closure, mortality, necrotizing enterocolitis,
and intraventricular hemorrhage.

RESULTS In 68 randomized clinical trials of 4802 infants, 14 different variations of
indomethacin, ibuprofen, or acetaminophen were used as treatment modalities. The overall
PDA closure rate was 67.4% (2867 of 4256 infants). A high dose of oral ibuprofen was
associated with a significantly higher odds of PDA closure vs a standard dose of intravenous
ibuprofen (odds ratio [OR], 3.59; 95% credible interval [CrI], 1.64-8.17; absolute risk
difference, 199 [95% CrI, 95-258] more per 1000 infants) and a standard dose of intravenous
indomethacin (OR, 2.35 [95% CrI, 1.08-5.31]; absolute risk difference, 124 [95% CrI, 14-188]
more per 1000 infants). Based on the ranking statistics, a high dose of oral ibuprofen ranked
as the best pharmacotherapeutic option for PDA closure (mean surface under the cumulative
ranking [SUCRA] curve, 0.89 [SD, 0.12]) and to prevent surgical PDA ligation (mean SUCRA,
0.98 [SD, 0.08]). There was no significant difference in the odds of mortality, necrotizing
enterocolitis, or intraventricular hemorrhage with use of placebo or no treatment compared
with any of the other treatment modalities.

CONCLUSIONS AND RELEVANCE A high dose of oral ibuprofen was associated with a higher
likelihood of hemodynamically significant PDA closure vs standard doses of intravenous
ibuprofen or intravenous indomethacin; placebo or no treatment did not significantly change
the likelihood of mortality, necrotizing enterocolitis, or intraventricular hemorrhage.

TRIAL REGISTRATION PROSPERO Identifier: CRD42015015797

JAMA. 2018;319(12):1221-1238. doi:10.1001/jama.2018.1896
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Ø  Meta analysis included 68 randomized clinical trials of 4802 
infants, 14 different variations of indomethacin, ibuprofen, 
or acetaminophen were used as treatment modalities. 

Ø  High does oral ibuprofen ranked as the best 
pharmacotherapeutic option for PDA closure  

> 28 weeks: 
 Equal effectiveness (65%) 
 

< 28 weeks (Tolerate)  
Indomethacin > Ibuprofen > Acetaminophen 
 
< 28 weeks (El Mashad) 
Equal effectiveness  

•  Liebowtiz et al. J Perinatol. 2019; 39:599–607  
•  Mitra  et al. JAMA. 2018;319:1221–38.  
•  Terrin G  et al. Arch Dis Child Fetal Neonatal Ed. 2016;101:F127–36  
•  Ohlsson A, et al. Cochrane Database Syst Rev. 2018;4:CD010061.  
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Randomized trial of early closure of symptomatic 
patent ductus arteriosus in small preterm infants 

As a result of  randomized assignment. 15 preterm infants weighing 1,500 gm or less at birth and who 
had a symptomatic PDA were treated according to a medical management protocol, and ten according 
to an earl)' surgical closure protocol. AII infants required mechanical ventilation at the time of  stud). 
entr); which was one week after birth. Birth weight, gestational age, age at onset of  congestive failure, 
age at stud), entr); and the initial morbidit)' of  members o f  the two groups were similar. The nine 
surviving infants managed according to the surgical closure protocol were weaned from mechanical 
ventilation sooner, had a decreased need for digoxin and fttrosemide, achieved gastrointestinal fttnction 
sooner, and had a smaller hospital bill than the 12 survivors of  the medical management group. These 
results indicate that infants with a s)'mptomatic PDA still requiring mechanical ventilation at one week 
after birth will benefit from surgical closure o f  the ductus at that time. 

Robert  B. Cotton,  M.D., Mildred T. Stahlman, M.D., Harvey W. Bender, M.D., 

Thomas P. Graham, M.D., W. Z. Catterton, M.D.,* and llya Kovar, M.D, 

Nashv i l l e ,  T e m L  

CONGESTIVE HEART FAILURE with pulmonary 
edema due to left-to-right shunting through a patent 
ductus arteriosus is common among small preterm infants 
both with and without hyaline membrane disease?" 
When cardiac and ventilatory failure are progressive and 
life threatening in spite of aggressive medical manage- 
ment, there is general agreement that immediate interven- 
tion to close the ductus is indicated? -s 

For most preterm infants affected by a PDA, the 
hemodynamic effects are not immediately life threatening 
and can be controlled medically without intervention to 
close the ductus? Even so, small preterm infants weighing 
less than 1,500 gm at birth frequently have a prolonged 
course of ductus shunting, and characteristically require 
days or weeks of mechanical ventilation, In addition, this 

From the Departments o f  Pediatrics and 
Cardiothoracic Surger), Vanderbilt University School 
o f  Medicine. 
Supported b), a National tleart and Lung Institute 
Pulmonar)" SCOR Grant-HL 14214 and the 
Tennessee Heart Association. 
~Recipient of American Lung Association Training Fellowship 
in Pulmonary Disease. 

group is plagued by disorders such as chronic lung 
disease, necrotizing enterocolitis, intraventricular hemor- 
rhage, retrolental fibroplasia, and problems owing to 
inadequate nutrition. Whether or not these infants would 
benefit from early ductus closure has been argued with 

See related articles, pp. 639 and 682. 

Abbreviations used 
PDA: patent duetus arteriosus 
HMD: hyaline membrane disease 
MM: medical management 

" SC: surgical closure 

conviction, but without the benefit of  data collected 
objectively from'controlled studies. Indeed, much of the 
enthusiasm for pharmacologically induced ductus con- 
striction 9-'~ is based on the attractive but unproven 
premise that early ductus closure provides benefits that 
exceed the risks of potentially adverse drug effects. 

Prior to the present study, all symptomatic patients with 
PDA at Vanderbilt University Medical Center Newborn 
Intensive Care Unit were managed medically, without 

0022-3476/78/100647+05500.50/0  9 1978 The C. V. Mosby Co. Vol. 93. No 4. pp. 647.651 

Volume 93 Earl)' closure of PDA in preterm infants 6 4 9 
Number 4 

DURATION OF ENDOTRACHEAL INTUBATION 

 9 ~ I 0 0  
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DAYS AFTER STUDY ENTRY 

Fig. I. Illustration of mechanical ventilator dependence of the 
study groups. The patients who died were considered never to 
have been successfully extubated. 

patient underwent an exchange transfusion With fresh 
blood. 

The ductus ligation procedure Was carried Out in a 
heated (28~ operating room approximately 100 meters 
from the Newborn Intensive Care Unit and on the same 
floor. The patient . was transported to the operating room 
in an infant incubatoi'. During the procedure, the infant's 
body temperature was maintained above 36.2~ with an 
underlying heating pad and, at times, an overhead radiant 
heater. 

Total time away from the Newborn Intensive Care unit  
ranged from 30 to 60 minutes. Upon return to the unit, 
mechanical ventilation was resumed with the Babybird 
respirator, the chest tube was Connected to 8 cm 1t20 
constant suction, and the estimated surgical blood loss 

 9 (usually less than 5 ml) was replaced. 
Postoperatively, many o f  the principles Of the MM 

protocol were observed. Maintenance fluid therapy was 
limited to _.< 150 ml/kg/24 hours, recognizing the possibil- 
ity that blood volume expansion probably occurred in 
compensation during the period of symptomatic ductus 
shunting. While the infant was oxygen or ventilator 
dependent, the hematocrit was maintained above 40% 
with small transfusions of packed cells, followed by 
furosemide, 1/mg/kg. After surgery the end expiratory 
pressure Was maintained at 2 to 4 cm H20 and the peak 
airway pressure adjusted between 12 to 18 cm HzO to 
prov!de adequate chest expansion. The respirator (IMV) 
rate was lowered as tolerated to maintain an arierial Pco~ 
of 35 to 40 torT. Every two hours, the chest was percussed 
to loosen secretions, the endotracheal iube suctioned, and 
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End0tracheal tuim removal. A prolonged need for 
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Table I. Composition of study groups 

MM [ SC { P* 
group group value 

Number 15 10 
Birth weight (gin) 1,006 -r 49]" 1,088 • 46 >0.20 
Gestational age 28.3 • 0.3 29.0 ___ 0.5 > 0.20 

(wk) 
Onset of sympto- 2.7 "_+_ 0.2 2.4 -4- 0.3 > 0.20 

marie PDA 
(days) 

Age at study 8.4 + 0.4 8.6 • 0.6 " > 0.50 
entry (days) 

* S t u d e n t  t t e s t -  

"[" __. S E M .  

around the null hypothesis, stated a priori, that there is no 
difference in duration until successful weaning from 
mechanical ventilation and endotracheal intubation 
whether symptomatic infants.with PDA are managed 
according to the MM or the SC protocol. Accordingly, 
dependence on mechanical ventilation via an endotra- 
cheal tube was a requirement for study entry, and the 
number of days between study entry arid final successful 
extubation was the variable chosen to test the hypothe- 
sis. 

At least once a day, infants in both study groups were 
evaluated for endotracheal tube removal. If  extubation 
was followed by recurrent episodes of  apnea and brady- 
cardia wfiich were unresponsive to tactile stimulation, the 
infant was intubated again and ventilated mechanically. 

Statistical method. The Wilcoxan rank" test was 
selected a priori to decide if there was a difference in 
duratiori of need for endotracheal intubation following 
study entry between the MM and SC study grotips. For 
the SC group, study entry was designated as the day of  
surgery. For the MM group, study entry was designated as 
the day after the protocol was randomly assigned, a time 
corresponding to the day of  surgery had the infant been 
assigned the SC instead of the MM protocol. Patients who 
died were considered not to have been extub~.ted success- 
fully and were given an equal rank of  one place grea!er 
than the survivor requiring the longest duration of endo- 

tracheal intubation. 

R E S U L T S  

Between March, 1975, and January, 1977, 25 infants 
with birth weights between .794 and 1,361 gm were 
enrolled in the study. Ten patients were assigned the SC 
protocol, and 15 the MM protocol. There was no statisti- 
cally significant difference between the two groups in 
birt h weight, gcstational age, age at onset of  symptomatic 
PDA, or age at study entry (Table I). Six of the ten SC 
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Early Surgical Ligation Versus a Conservative Approach for Management of
Patent Ductus Arteriosus That Fails to Close after Indomethacin Treatment

Nami Jhaveri, MD, Anita Moon-Grady, MD, and Ronald I. Clyman, MD

Objective To examine whether a more conservative approach to treating patent ductus arteriosus (PDA) is asso-
ciated with an increase or decrease in morbidity compared with an approach involving early PDA ligation.
Study design In January 2005, we changed our approach to infants born at age #27 weeks gestation who failed
indomethacin treatment. We changed from an early surgical approach, in which feedings were stopped and all
PDAs were ligated (period 1: January 1999 to December 2004; n = 216) to a more conservative approach in which
feedings continued and PDAs were ligated only if cardiopulmonary compromise developed (period 2: January 2005
to August 2009; n = 180). All infants in both periods received prophylactic indomethacin therapy.
Results The 2 periods had similar rates of perinatal/neonatal risk factors and indomethacin failure (24%), as well as
ventilator management and feeding advance protocols. The conservative approach (period 2) was associated with
decreased rates of duct ligation (72% vs 100%; P <.05). Even though infants subjected to this approach were ex-
posed to larger PDA shunts for longer durations, the rates of bronchopulmonry dysplasia, sepsis, retinopathy of pre-
maturity, neurologic injury, and death were similar to those in period 1. The overall rate of necrotizing enterocolitis
was significantly lower in period 2 compared with period 1.
Conclusions These findings support the need for new controlled, randomized trials to reexamine the benefits and
risks of different approaches to PDA treatment. (J Pediatr 2010;157:381-7).

See editorial, p 355

P
ersistent patent ductus arteriosus (PDA) can produce alterations in renal, mesenteric, and cerebral perfusion as well as
pulmonary edema in preterm infants. Early indomethacin treatment has been studied in numerous randomized con-
trolled trials (RCTs) and was found to decrease symptomatic PDA and to also decrease the incidence of early severe

pulmonary and intracranial hemorrhage (ICH).1-7 Little information is available to guide neonatologists on actions to take
when the PDA fails to close after indomethacin treatment, however.

Two small RCTs performed almost 30 years ago were designed to examine the effects of a persistent symptomatic PDA on
neonatal pulmonary morbidity.8,9 Both studies found that surgical closure of PDA decreased the need for prolonged ventilatory
support; significant pulmonary morbidity occurred in patients without PDA ligation when signs of congestive failure devel-
oped.8,9 Whether these findings are still applicable in the setting of modern neonatal treatment (eg, antenatal glucocorticoids,
surfactant replacement therapy) remains a matter of controversy among neonatologists.10 The relationship between persistent
PDA and necrotizing enterocolitis (NEC) is even more controversial. Although population-based studies have reported an as-
sociation between a PDA and NEC,11-13 no RCT reported to date has examined the advisability of continuing or stopping en-
teral feeding in the presence of a PDA.

Surgical ligation produces definitive PDA closure; however, it is associated with its own set of morbidities, including thora-
cotomy, pneumothorax, chylothorax, postoperative hypotension, vocal cord paralysis, infection, and scoliosis.14-16,17 In addi-
tion, several studies have suggested that early surgical ligation may have detrimental effects on lung function and growth and
might even contribute to the development of bronchopulmonary dysplasia (BPD).18-21 This finding raises the possibility that
PDA ligation might create problems that could counteract any of the benefits derived from PDA closure.18,19

Because preterm infants have a high rate of spontaneous PDA closure during the first 2 years after birth, early ligation
may expose these infants to a surgery that they might not need. Currently there are significant differences of opinion in the
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BPD Bronchopulmonary dysplasia

CI Confidence interval

ICH Intracranial hemorrhage

LA/Ao Left atrium/aortic root

NEC Necrotizing enterocolitis

OR Odds ratio

PDA Patent ductus arteriosus

PVL Periventricular leukomalacia

RCT Randomized controlled trial

ROP Retinopathy of prematurity

RSS Respiratory Severity Score
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in infants treated during period 2 compared with those treated
during period 1. The incidence of NEC occurring after
assignment of infants to the different treatment approaches
tended to be lower in the infants assigned to period 2 (P =
.053) (Table IV).

Discussion

This study spanning 2 consecutive time periods found no
significant differences in the rates of BPD, sepsis, ROP, neu-
rologic injury, or mortality between infants treated with
early PDA surgery and those treated more conservatively
(with surgical ligation only if the PDA was hemodynamically
significant after failure of indomethacin treatment). We

found a decreased risk of NEC in the more conservatively
treated infants. Although the more conservative approach
still resulted in eventual surgical ligation in the majority of
infants, a significant number of infants did not undergo sur-
gery before hospital discharge, and several achieved sponta-
neous PDA closure despite initial failure of indomethacin
therapy.

Our study was not an RCT, because we were unable to find
any neonatal units in which the medical and nursing staffs felt
that they could successfully randomize and implement the 2
different surgical approaches concurrently without introduc-
ing significant bias into their treatment decisions. Therefore,
we evaluated the effects of a change in practice between 2
consecutive time periods. Even though our study cannot pro-
vide definitive evidence of the benefits of one treatment over
the other, several features give us some confidence in the as-
sociations that we observed.

During the years bracketed by our study, there appeared to
be no significant changes in our study population in the prev-
alence of perinatal and neonatal risk factors (except for clin-
ical chorioamnionitis) or in the prevalence of neonatal
morbidities (compare periods 1 and 2; Table I), nor were
there changes in our protocols for prophylactic
indomethacin, feeding advances, or ventilator management
during these periods.

A treatment approach was uniformly applied to all infants
during each study period; that is, no infants were treated with
an aggressive treatment approach during period 2, and no in-
fants were treated with a conservative approach during pe-
riod 1.

Multivariate statistical models were used to adjust for po-
tential differences between the 2 treatment approaches that
might be due to differences in period of birth or in other peri-
natal or neonatal risk factors.

For our study, we chose a ‘‘conservative’’ treatment ap-
proach that included an option for surgical ligation if symp-
toms of cardiopulmonary compromise developed. Although
some authors have argued that any benefits derived from
PDA ligation are outweighed by the risks of ligation,10 we
did not feel that there was sufficient evidence to completely
abandon the use of ligation. Numerous previous studies
have demonstrated that infants with clinical and radio-
graphic signs of pulmonary edema exhibit improved lung
compliance after surgical ligation.32-35 In addition, the only
RCTs to date that have examined PDA ligation versus no in-
tervention to close a persistent PDA found significant pulmo-
nary morbidity in the group that was not allowed to undergo
PDA ligation when signs of congestive failure developed.8,9

To date, no RCT has addressed the pros or cons of con-
tinuing enteral feeding in the presence of a PDA. Hemody-
namic studies have shown that a PDA decreases mesenteric
blood flow during both fasting and fed states,36-38 and
population-based, retrospective, observational studies have
found an association between the presence of a PDA and
NEC.11-13 Currently, 70% of neonatologists in the United
States believe that enteral feedings should be stopped in the
presence of a symptomatic PDA.22,39 In our study, infants

Table III. Demographic data for infants without PDA
closure after indomethacin treatment

Early surgical
approach
(n = 52)

Conservative
approach
(n = 43)

Gestation, weeks 25.1 ! 1.2 25.5 ! 1.1
Birth weight, g 792 ! 184 785 ! 158
Male sex, % 63 37*
Antenatal betamethasone, % 63 56
Antenatal betamethasone >24 hours, % 40 42
Preeclampsia, % 8 16
Chorioamnionitis, % 15 26
Surfactant, % 100 93
RSS at 24 hours 2.9 ! 2.6 2.2 ! 1.7
Age at failure of final indomethacin

treatment, days
13 ! 9 7 ! 4*

PDA shunt size at failure
of final indomethacin treatment,
% moderate or large 35 33

Largest PDA shunt after failure
of final indomethacin treatment
% moderate or large 55 81*
% large 13 47*

Median duration of exposure
to PDA shunt, days†

2 17

Median age at final PDA closure, daysz 14 23*
PDAs ligated before discharge, % 100 72*
PDA shunt size at time of ligation,

% moderate or large
50 93*

First enteral feed, day 13 ! 7 13 ! 8
Enteral feedings = 80

mL/kg/day, day
33 ! 15 32 ! 13

ICH $3, % 15 9
Neurologic injury, % 20 15
NEC, % 27 12
NEC occurring after failure

of indomethacin treatment, %
22 10

Sepsis occurring after failure
of indomethacin treatment, %

47 44

BPD, % 60 40
ROP $2+, % 27 28
Death, % 17 9
Death or BPD, % 65 44

Values are mean ! SD.
*P <.05.
†Interval between the echocardiogram (that documented the presence of a persistent PDA) and
the time of final closure. Values are expressed as median values, because 19% of the infants in
the conservative treatment approach still had a PDA at the time of discharge. The mean dura-
tion of PDA exposure for the infants in the early surgical treatment approach was 2.3 ! 2.3
days.
zValues are expressed as median values, because 19% of the infants in the conservative treat-
ment approach still had a PDA at the time of discharge.
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(with surgical ligation only if the PDA was hemodynamically
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tential differences between the 2 treatment approaches that
might be due to differences in period of birth or in other peri-
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For our study, we chose a ‘‘conservative’’ treatment ap-
proach that included an option for surgical ligation if symp-
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some authors have argued that any benefits derived from
PDA ligation are outweighed by the risks of ligation,10 we
did not feel that there was sufficient evidence to completely
abandon the use of ligation. Numerous previous studies
have demonstrated that infants with clinical and radio-
graphic signs of pulmonary edema exhibit improved lung
compliance after surgical ligation.32-35 In addition, the only
RCTs to date that have examined PDA ligation versus no in-
tervention to close a persistent PDA found significant pulmo-
nary morbidity in the group that was not allowed to undergo
PDA ligation when signs of congestive failure developed.8,9

To date, no RCT has addressed the pros or cons of con-
tinuing enteral feeding in the presence of a PDA. Hemody-
namic studies have shown that a PDA decreases mesenteric
blood flow during both fasting and fed states,36-38 and
population-based, retrospective, observational studies have
found an association between the presence of a PDA and
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States believe that enteral feedings should be stopped in the
presence of a symptomatic PDA.22,39 In our study, infants
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Medical (n=12 survivors, 3 non-survivors) 
Surgical (n=9 survivors, 1 non-survivors) 



•  Lung collapse 
•  Bronchial obstruction 
•  Diaphragmatic paresis 
•  Vocal cord paralysis 
•  Chylothorax 
•  Thorax deformation  

Does ligation cause short-term harm? 

from available evidence. Surgical closure of the PDA
involves either placement of suture ligatures or application
of vascular clips with or without ductal division. Clip
application is generally the preferred method as it is tech-
nically less demanding and requires less time [83]. The
advent of minimally invasive surgery has improved out-
comes, e.g., with thoracoscopic procedures compared with
thoracotomies [84]. The first thoracoscopic technique for
PDA closure in children was described in the 1990's and
recent reports demonstrate that this technique can be safely
performed in extremely premature infants (including those
weighting <1000 g) [85–87]. Nevertheless, surgical com-
plications include lung collapse, bronchial obstruction,
diaphragmatic paresis, vocal cord paralysis, chylothorax,
thorax deformation, inadvertent ligation of the left pul-
monary artery, and long-term sequelae like scoliosis (less
risk of scoliosis with thoracoscopic technique; Fig. 3) [88].
Ligation can also be complicated by post cardiac ligation
syndrome (defined as systolic arterial pressure less than the
third percentile requiring vasopressors with associated
ventilation and oxygenation failure) in up to 28–45% of
cases (Fig. 4) [89–91]. Observational evidence suggests that
thoracotomy and surgical ligation disrupt the respiratory
mechanics requiring time to recover and may be associated
with an increased risk of BPD, severe retinopathy of pre-
maturity, and neurodevelopmental impairment [92, 93].
This association, however, comes predominantly from

observational studies that inadequately addressed survival
bias and are confounded by indication [94]. Surgical liga-
tion is typically performed after failure of one or more trials
of medical closure.

Changing patterns of surgical ligation

A British cardiologist, Maurice Campbell, made an astute
observation over 50 years ago: “As the years pass, more
physicians will be advising operation for a persistent ductus
arteriosus with no personal experience of its natural course
without operation” [95]. A decade later, the introductory
lines of a published article on the experience of PDA clo-
sure reads: “Since the first report by Powell in 1963 of
closure of the patent ductus arteriosus in the preterm infant
with respiratory distress syndrome, controversy has existed
regarding the optimal management of these infants [96].”
These quotations are a testament to the uncertainties neo-
natologists continue to face today in determining which
very preterm infants benefit from a surgical ligation. The
pendulum has swung from an approach to close the PDA in
all premature infants as early as possible [97] to con-
siderations that no PDA needs to be closed during the
neonatal period [98].

In a recent publication reviewing data from the Kids’
Inpatient Database in the United States, the rate (per 1000
VLBW hospital births) of PDA ligation increased from 47

Fig. 3 PDA clip placement and
surgical complications. During
surgical clip placement, the ribs
are spread open and the lung is
retracted. A clip is placed around
the PDA. There is risk of injury
to the ribs (fractures), recurrent
laryngeal nerve (vocal cord
paralysis), pulmonary artery
branch and bronchus (accidental
clip placement), thoracic duct
(chylothorax), and lung
(pneumothorax). Copyright
Satyan Lakshminrusimha
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Incidence: 45 - 50% prior to recognition 
 

Mortality: up to 33% (w/ systemic hypotension) 
 

Pathophysiology: Acute cardiorespiratory deterioration 
•  Oxygenation failure (↑ MAP of Fio2 by 20%) 

•  Ventilatory failure  
•  Systemic hypoperfusion (cardiotropic support, systolic hypotension) 
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PDA treatment with indomethacin. Cotton et al. enrolled 25 very low
birth weight preterm infants (mean gestational age (GA): 28 weeks)
requiring invasive mechanical ventilation at 7 days of life and with a
clinically symptomatic PDA [6]. Infants were randomized to surgical
ligation or ongoing medical management, which consisted of digoxin
and/or diuretic therapy. Ligated infants had a significantly shorter time
to successful extubation (median: 6 versus 22 days after enrolment;
P < 0.05). By contrast, Levitsky et al. randomized 31 preterm infants
(mean GA: 31 weeks) with respiratory distress syndrome and a clinical
diagnosis of symptomatic PDA to ligation or medical management [5].
Neonatal outcomes were similar among both treatment groups, though
approximately half of the medically treated group was treated with
surgery. Finally, Cassady et al. reported that prophylactic surgical li-
gation on the first day of life reduced rate of necrotizing enterocolitis
(30% versus 8%; P=0.002) among extremely low birth weight (ELBW)
infants compared with no treatment [8], though a recent post-hoc
analysis reported increased moderate–severe bronchopulmonary dys-
plasia (BPD) among the surgically treated infants [9].

Only one trial, involving 154 preterm infants (median GA: 28
weeks) with symptomatic PDA despite initial conservative manage-
ment, compared surgical ligation versus a first course of indomethacin
therapy. Infants randomized to PDA surgery had a higher incidence of
severe retinopathy of prematurity (ROP) and there were no other dif-
ferences in neonatal outcomes [7].

Although some of these studies reported improvement in clinical
outcomes among infants treated with ligation, the salient feature of
these trials is a lack of external validity to guide contemporary practice.
The patient population and therapeutic approach employed in these
studies bear minimal resemblance to the demographic and clinical
course of preterm infants being considered for ligation today. Whereas
dependence on mechanical ventilation has remained the most usual

indication for referring infants for surgical treatment, advances in re-
spiratory care (e.g. non-invasive positive pressure ventilation, exo-
genous surfactant replacement therapy, in-line flow sensors) have al-
tered the trajectory of mechanical ventilation for prematurity-related
respiratory insufficiency, including earlier successful endotracheal ex-
tubation.

These care advances, in combination with the availability and high
efficacy of first-line non-steroidal anti-inflammatory drugs (NSAIDs) to
facilitate earlier ductal closure, have relegated surgical ligation to a
treatment modality reserved for the prolonged, pharmacotherapy-re-
sistant PDA in micropremature infants with respiratory failure due to
structural pulmonary immaturity and inflammation secondary to in-
fection and/or ventilator-induced lung injury. The advent of prophy-
lactic indomethacin and the concept of exposing all infants (potentially
including some with pathologically elevated pulmonary vascular re-
sistance) to the incipient risks of early surgical ductal closure render
early ligation untenable in modern practice. Finally, echocardiography
is presently the definitive and integral method of assessing the magni-
tude of the ductal shunt and guiding management. This modality was
conspicuously absent from the clinical trials which relied on a limited,
and predominantly clinical, estimation of PDA shunt volume.

3. PDA ligation and outcomes: evidence from observational
studies

Over the past decade, several large adjusted retrospective cohort
studies have reported increased neonatal morbidity and neurodeve-
lopmental impairment (NDI) at follow-up among infants treated with
PDA ligation compared to medical management alone [10–14]. In a
secondary analysis of 426 ELBW infants treated for PDA from the Trial
of Indomethacin Prophylaxis in Preterms, Kabra et al. reported

Table 2
Neonatal and neurodevelopmental outcomes reported in select large adjusted observational studies for infants with a patent ductus arteriosus treated with surgical
ligation compared with medical management only.

Study Characteristics Antenatal/perinatal
confounders adjusted

Postnatal confounders adjusted OR (95% CI)a

Death
or NDI

In-hospital
mortality

NDI Severe ROP CLD

Kabra [13] ELBW infants with symptomatic
PDA
PDA ligation (n=110)
Medical only (n=316)

GA, sex, ACS, multiples,
mother's education, total dose
indomethacin

None 1.55
(0.97,
2.50)

0.56
(0.29, 1.10)

1.98
(1.18,
3.30)

2.20
(1.19, 4.07)

1.81
(1.09,
3.03)

Madan [14] b ELBW infants with PDA
Primary ligation (n=135), Indo
only (n=1525), Indo and ligation
(n=775)
No treatment (n=403)

GA, BW, gender, ACS, center,
prophylactic indomethacin,
Apgar score, RDS, IUGR,
antenatal infection, maternal
marital status and age.

Postnatal sepsis 1.03
(0.80,
1.33)

0.46
(0.35, 0.62)

1.53
(1.16,
2.03)

n/a 3.10
(2.26,
4.26)

Mirea [10] c Infants with GA ≤32 weeks with
PDA. Conservative (n=577),
Indo only (n = 2026),
Indo + ligation (n=626),
Primary ligation (n=327)

GA, ACS, multiples, gender,
IUGR, SNAP II

None n/a 0.41
(0.31, 0.54)

n/a 1.91
(1.51, 2.41)

2.30
(1.91,
2.77)

Weisz [16] d Infants with GA ≤27 weeks with
clinical and echo diagnosis of PDA
Ligation (n=184)
Medical treatment only (n=570)

GA, IUGR, ACS, gender,
multiples, SNAP II score ≥20,
center

Sepsis, severe IVH, inotropes,
NEC>2, average daily mean
airway pressure, No. days invasive
ventilation, total dose of
indomethacin, systemic
corticosteroids

0.83
(0.52,
1.32)

0.09
(0.04, 0.21)

1.27
(0.78,
2.06)

1.61
(0.85, 3.06)

1.36
(0.78,
2.39)

OR, odds ratio; CI, confidence interval; ACS, antenatal corticosteroids; BW, birthweight; CLD, chronic lung disease; ELBW, extremely low birth weight; GA, ge-
stational age; Indo, indomethacin; IVH, intraventricular hemorrhage; NDI, neurodevelopmental impairment; NEC, necrotizing enterocolitis; RCT, randomized
controlled trial; RDS, respiratory distress syndrome; ROP, retinopathy of prematurity; SNAP, score for neonatal acute physiology.
Adapated from: Weisz DE, Ting J, McNamara P. The role of surgical ligation or the patent ductus arteriosus and post ligation cardiac compromise. In: Seri I, Kluckow
M editors. Hemodynamics and cardiology: neonatology questions and controversies, 3rd edition. Elsevier; 2018 (in press). Ch. 24.

a Reference is medically treated infants.
b Data shown for indomethacin and ligation versus indomethacin only. Sepsis was adjusted for in multivariable analysis, however, the timing of infection in

relation to ductal closure was not specified.
c Data shown for any ligation versus no ligation. Data were provided by the primary author and are unpublished.
d Postnatal confounders adjusted were those occurring prior to ductal closure during the period each infant was considered at-risk of surgical ligation.
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PDA treatment with indomethacin. Cotton et al. enrolled 25 very low
birth weight preterm infants (mean gestational age (GA): 28 weeks)
requiring invasive mechanical ventilation at 7 days of life and with a
clinically symptomatic PDA [6]. Infants were randomized to surgical
ligation or ongoing medical management, which consisted of digoxin
and/or diuretic therapy. Ligated infants had a significantly shorter time
to successful extubation (median: 6 versus 22 days after enrolment;
P < 0.05). By contrast, Levitsky et al. randomized 31 preterm infants
(mean GA: 31 weeks) with respiratory distress syndrome and a clinical
diagnosis of symptomatic PDA to ligation or medical management [5].
Neonatal outcomes were similar among both treatment groups, though
approximately half of the medically treated group was treated with
surgery. Finally, Cassady et al. reported that prophylactic surgical li-
gation on the first day of life reduced rate of necrotizing enterocolitis
(30% versus 8%; P=0.002) among extremely low birth weight (ELBW)
infants compared with no treatment [8], though a recent post-hoc
analysis reported increased moderate–severe bronchopulmonary dys-
plasia (BPD) among the surgically treated infants [9].

Only one trial, involving 154 preterm infants (median GA: 28
weeks) with symptomatic PDA despite initial conservative manage-
ment, compared surgical ligation versus a first course of indomethacin
therapy. Infants randomized to PDA surgery had a higher incidence of
severe retinopathy of prematurity (ROP) and there were no other dif-
ferences in neonatal outcomes [7].

Although some of these studies reported improvement in clinical
outcomes among infants treated with ligation, the salient feature of
these trials is a lack of external validity to guide contemporary practice.
The patient population and therapeutic approach employed in these
studies bear minimal resemblance to the demographic and clinical
course of preterm infants being considered for ligation today. Whereas
dependence on mechanical ventilation has remained the most usual

indication for referring infants for surgical treatment, advances in re-
spiratory care (e.g. non-invasive positive pressure ventilation, exo-
genous surfactant replacement therapy, in-line flow sensors) have al-
tered the trajectory of mechanical ventilation for prematurity-related
respiratory insufficiency, including earlier successful endotracheal ex-
tubation.

These care advances, in combination with the availability and high
efficacy of first-line non-steroidal anti-inflammatory drugs (NSAIDs) to
facilitate earlier ductal closure, have relegated surgical ligation to a
treatment modality reserved for the prolonged, pharmacotherapy-re-
sistant PDA in micropremature infants with respiratory failure due to
structural pulmonary immaturity and inflammation secondary to in-
fection and/or ventilator-induced lung injury. The advent of prophy-
lactic indomethacin and the concept of exposing all infants (potentially
including some with pathologically elevated pulmonary vascular re-
sistance) to the incipient risks of early surgical ductal closure render
early ligation untenable in modern practice. Finally, echocardiography
is presently the definitive and integral method of assessing the magni-
tude of the ductal shunt and guiding management. This modality was
conspicuously absent from the clinical trials which relied on a limited,
and predominantly clinical, estimation of PDA shunt volume.

3. PDA ligation and outcomes: evidence from observational
studies

Over the past decade, several large adjusted retrospective cohort
studies have reported increased neonatal morbidity and neurodeve-
lopmental impairment (NDI) at follow-up among infants treated with
PDA ligation compared to medical management alone [10–14]. In a
secondary analysis of 426 ELBW infants treated for PDA from the Trial
of Indomethacin Prophylaxis in Preterms, Kabra et al. reported

Table 2
Neonatal and neurodevelopmental outcomes reported in select large adjusted observational studies for infants with a patent ductus arteriosus treated with surgical
ligation compared with medical management only.

Study Characteristics Antenatal/perinatal
confounders adjusted

Postnatal confounders adjusted OR (95% CI)a

Death
or NDI

In-hospital
mortality

NDI Severe ROP CLD

Kabra [13] ELBW infants with symptomatic
PDA
PDA ligation (n=110)
Medical only (n=316)

GA, sex, ACS, multiples,
mother's education, total dose
indomethacin

None 1.55
(0.97,
2.50)

0.56
(0.29, 1.10)

1.98
(1.18,
3.30)

2.20
(1.19, 4.07)

1.81
(1.09,
3.03)

Madan [14] b ELBW infants with PDA
Primary ligation (n=135), Indo
only (n=1525), Indo and ligation
(n=775)
No treatment (n=403)

GA, BW, gender, ACS, center,
prophylactic indomethacin,
Apgar score, RDS, IUGR,
antenatal infection, maternal
marital status and age.

Postnatal sepsis 1.03
(0.80,
1.33)

0.46
(0.35, 0.62)

1.53
(1.16,
2.03)

n/a 3.10
(2.26,
4.26)

Mirea [10] c Infants with GA ≤32 weeks with
PDA. Conservative (n=577),
Indo only (n = 2026),
Indo + ligation (n=626),
Primary ligation (n=327)

GA, ACS, multiples, gender,
IUGR, SNAP II

None n/a 0.41
(0.31, 0.54)

n/a 1.91
(1.51, 2.41)

2.30
(1.91,
2.77)

Weisz [16] d Infants with GA ≤27 weeks with
clinical and echo diagnosis of PDA
Ligation (n=184)
Medical treatment only (n=570)

GA, IUGR, ACS, gender,
multiples, SNAP II score ≥20,
center

Sepsis, severe IVH, inotropes,
NEC>2, average daily mean
airway pressure, No. days invasive
ventilation, total dose of
indomethacin, systemic
corticosteroids

0.83
(0.52,
1.32)

0.09
(0.04, 0.21)

1.27
(0.78,
2.06)

1.61
(0.85, 3.06)

1.36
(0.78,
2.39)

OR, odds ratio; CI, confidence interval; ACS, antenatal corticosteroids; BW, birthweight; CLD, chronic lung disease; ELBW, extremely low birth weight; GA, ge-
stational age; Indo, indomethacin; IVH, intraventricular hemorrhage; NDI, neurodevelopmental impairment; NEC, necrotizing enterocolitis; RCT, randomized
controlled trial; RDS, respiratory distress syndrome; ROP, retinopathy of prematurity; SNAP, score for neonatal acute physiology.
Adapated from: Weisz DE, Ting J, McNamara P. The role of surgical ligation or the patent ductus arteriosus and post ligation cardiac compromise. In: Seri I, Kluckow
M editors. Hemodynamics and cardiology: neonatology questions and controversies, 3rd edition. Elsevier; 2018 (in press). Ch. 24.

a Reference is medically treated infants.
b Data shown for indomethacin and ligation versus indomethacin only. Sepsis was adjusted for in multivariable analysis, however, the timing of infection in

relation to ductal closure was not specified.
c Data shown for any ligation versus no ligation. Data were provided by the primary author and are unpublished.
d Postnatal confounders adjusted were those occurring prior to ductal closure during the period each infant was considered at-risk of surgical ligation.
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PDA treatment with indomethacin. Cotton et al. enrolled 25 very low
birth weight preterm infants (mean gestational age (GA): 28 weeks)
requiring invasive mechanical ventilation at 7 days of life and with a
clinically symptomatic PDA [6]. Infants were randomized to surgical
ligation or ongoing medical management, which consisted of digoxin
and/or diuretic therapy. Ligated infants had a significantly shorter time
to successful extubation (median: 6 versus 22 days after enrolment;
P < 0.05). By contrast, Levitsky et al. randomized 31 preterm infants
(mean GA: 31 weeks) with respiratory distress syndrome and a clinical
diagnosis of symptomatic PDA to ligation or medical management [5].
Neonatal outcomes were similar among both treatment groups, though
approximately half of the medically treated group was treated with
surgery. Finally, Cassady et al. reported that prophylactic surgical li-
gation on the first day of life reduced rate of necrotizing enterocolitis
(30% versus 8%; P=0.002) among extremely low birth weight (ELBW)
infants compared with no treatment [8], though a recent post-hoc
analysis reported increased moderate–severe bronchopulmonary dys-
plasia (BPD) among the surgically treated infants [9].

Only one trial, involving 154 preterm infants (median GA: 28
weeks) with symptomatic PDA despite initial conservative manage-
ment, compared surgical ligation versus a first course of indomethacin
therapy. Infants randomized to PDA surgery had a higher incidence of
severe retinopathy of prematurity (ROP) and there were no other dif-
ferences in neonatal outcomes [7].

Although some of these studies reported improvement in clinical
outcomes among infants treated with ligation, the salient feature of
these trials is a lack of external validity to guide contemporary practice.
The patient population and therapeutic approach employed in these
studies bear minimal resemblance to the demographic and clinical
course of preterm infants being considered for ligation today. Whereas
dependence on mechanical ventilation has remained the most usual

indication for referring infants for surgical treatment, advances in re-
spiratory care (e.g. non-invasive positive pressure ventilation, exo-
genous surfactant replacement therapy, in-line flow sensors) have al-
tered the trajectory of mechanical ventilation for prematurity-related
respiratory insufficiency, including earlier successful endotracheal ex-
tubation.

These care advances, in combination with the availability and high
efficacy of first-line non-steroidal anti-inflammatory drugs (NSAIDs) to
facilitate earlier ductal closure, have relegated surgical ligation to a
treatment modality reserved for the prolonged, pharmacotherapy-re-
sistant PDA in micropremature infants with respiratory failure due to
structural pulmonary immaturity and inflammation secondary to in-
fection and/or ventilator-induced lung injury. The advent of prophy-
lactic indomethacin and the concept of exposing all infants (potentially
including some with pathologically elevated pulmonary vascular re-
sistance) to the incipient risks of early surgical ductal closure render
early ligation untenable in modern practice. Finally, echocardiography
is presently the definitive and integral method of assessing the magni-
tude of the ductal shunt and guiding management. This modality was
conspicuously absent from the clinical trials which relied on a limited,
and predominantly clinical, estimation of PDA shunt volume.

3. PDA ligation and outcomes: evidence from observational
studies

Over the past decade, several large adjusted retrospective cohort
studies have reported increased neonatal morbidity and neurodeve-
lopmental impairment (NDI) at follow-up among infants treated with
PDA ligation compared to medical management alone [10–14]. In a
secondary analysis of 426 ELBW infants treated for PDA from the Trial
of Indomethacin Prophylaxis in Preterms, Kabra et al. reported

Table 2
Neonatal and neurodevelopmental outcomes reported in select large adjusted observational studies for infants with a patent ductus arteriosus treated with surgical
ligation compared with medical management only.

Study Characteristics Antenatal/perinatal
confounders adjusted

Postnatal confounders adjusted OR (95% CI)a

Death
or NDI

In-hospital
mortality

NDI Severe ROP CLD

Kabra [13] ELBW infants with symptomatic
PDA
PDA ligation (n=110)
Medical only (n=316)

GA, sex, ACS, multiples,
mother's education, total dose
indomethacin

None 1.55
(0.97,
2.50)

0.56
(0.29, 1.10)

1.98
(1.18,
3.30)

2.20
(1.19, 4.07)

1.81
(1.09,
3.03)

Madan [14] b ELBW infants with PDA
Primary ligation (n=135), Indo
only (n=1525), Indo and ligation
(n=775)
No treatment (n=403)

GA, BW, gender, ACS, center,
prophylactic indomethacin,
Apgar score, RDS, IUGR,
antenatal infection, maternal
marital status and age.

Postnatal sepsis 1.03
(0.80,
1.33)

0.46
(0.35, 0.62)

1.53
(1.16,
2.03)

n/a 3.10
(2.26,
4.26)

Mirea [10] c Infants with GA ≤32 weeks with
PDA. Conservative (n=577),
Indo only (n = 2026),
Indo + ligation (n=626),
Primary ligation (n=327)

GA, ACS, multiples, gender,
IUGR, SNAP II

None n/a 0.41
(0.31, 0.54)

n/a 1.91
(1.51, 2.41)

2.30
(1.91,
2.77)

Weisz [16] d Infants with GA ≤27 weeks with
clinical and echo diagnosis of PDA
Ligation (n=184)
Medical treatment only (n=570)

GA, IUGR, ACS, gender,
multiples, SNAP II score ≥20,
center

Sepsis, severe IVH, inotropes,
NEC>2, average daily mean
airway pressure, No. days invasive
ventilation, total dose of
indomethacin, systemic
corticosteroids

0.83
(0.52,
1.32)

0.09
(0.04, 0.21)

1.27
(0.78,
2.06)

1.61
(0.85, 3.06)

1.36
(0.78,
2.39)

OR, odds ratio; CI, confidence interval; ACS, antenatal corticosteroids; BW, birthweight; CLD, chronic lung disease; ELBW, extremely low birth weight; GA, ge-
stational age; Indo, indomethacin; IVH, intraventricular hemorrhage; NDI, neurodevelopmental impairment; NEC, necrotizing enterocolitis; RCT, randomized
controlled trial; RDS, respiratory distress syndrome; ROP, retinopathy of prematurity; SNAP, score for neonatal acute physiology.
Adapated from: Weisz DE, Ting J, McNamara P. The role of surgical ligation or the patent ductus arteriosus and post ligation cardiac compromise. In: Seri I, Kluckow
M editors. Hemodynamics and cardiology: neonatology questions and controversies, 3rd edition. Elsevier; 2018 (in press). Ch. 24.

a Reference is medically treated infants.
b Data shown for indomethacin and ligation versus indomethacin only. Sepsis was adjusted for in multivariable analysis, however, the timing of infection in

relation to ductal closure was not specified.
c Data shown for any ligation versus no ligation. Data were provided by the primary author and are unpublished.
d Postnatal confounders adjusted were those occurring prior to ductal closure during the period each infant was considered at-risk of surgical ligation.

D.E. Weisz, R.E. Giesinger

Weisz et al. Semin Fetal Neonatal Med. 2018;23:255-266 

PDA treatment with indomethacin. Cotton et al. enrolled 25 very low
birth weight preterm infants (mean gestational age (GA): 28 weeks)
requiring invasive mechanical ventilation at 7 days of life and with a
clinically symptomatic PDA [6]. Infants were randomized to surgical
ligation or ongoing medical management, which consisted of digoxin
and/or diuretic therapy. Ligated infants had a significantly shorter time
to successful extubation (median: 6 versus 22 days after enrolment;
P < 0.05). By contrast, Levitsky et al. randomized 31 preterm infants
(mean GA: 31 weeks) with respiratory distress syndrome and a clinical
diagnosis of symptomatic PDA to ligation or medical management [5].
Neonatal outcomes were similar among both treatment groups, though
approximately half of the medically treated group was treated with
surgery. Finally, Cassady et al. reported that prophylactic surgical li-
gation on the first day of life reduced rate of necrotizing enterocolitis
(30% versus 8%; P=0.002) among extremely low birth weight (ELBW)
infants compared with no treatment [8], though a recent post-hoc
analysis reported increased moderate–severe bronchopulmonary dys-
plasia (BPD) among the surgically treated infants [9].

Only one trial, involving 154 preterm infants (median GA: 28
weeks) with symptomatic PDA despite initial conservative manage-
ment, compared surgical ligation versus a first course of indomethacin
therapy. Infants randomized to PDA surgery had a higher incidence of
severe retinopathy of prematurity (ROP) and there were no other dif-
ferences in neonatal outcomes [7].

Although some of these studies reported improvement in clinical
outcomes among infants treated with ligation, the salient feature of
these trials is a lack of external validity to guide contemporary practice.
The patient population and therapeutic approach employed in these
studies bear minimal resemblance to the demographic and clinical
course of preterm infants being considered for ligation today. Whereas
dependence on mechanical ventilation has remained the most usual

indication for referring infants for surgical treatment, advances in re-
spiratory care (e.g. non-invasive positive pressure ventilation, exo-
genous surfactant replacement therapy, in-line flow sensors) have al-
tered the trajectory of mechanical ventilation for prematurity-related
respiratory insufficiency, including earlier successful endotracheal ex-
tubation.

These care advances, in combination with the availability and high
efficacy of first-line non-steroidal anti-inflammatory drugs (NSAIDs) to
facilitate earlier ductal closure, have relegated surgical ligation to a
treatment modality reserved for the prolonged, pharmacotherapy-re-
sistant PDA in micropremature infants with respiratory failure due to
structural pulmonary immaturity and inflammation secondary to in-
fection and/or ventilator-induced lung injury. The advent of prophy-
lactic indomethacin and the concept of exposing all infants (potentially
including some with pathologically elevated pulmonary vascular re-
sistance) to the incipient risks of early surgical ductal closure render
early ligation untenable in modern practice. Finally, echocardiography
is presently the definitive and integral method of assessing the magni-
tude of the ductal shunt and guiding management. This modality was
conspicuously absent from the clinical trials which relied on a limited,
and predominantly clinical, estimation of PDA shunt volume.

3. PDA ligation and outcomes: evidence from observational
studies

Over the past decade, several large adjusted retrospective cohort
studies have reported increased neonatal morbidity and neurodeve-
lopmental impairment (NDI) at follow-up among infants treated with
PDA ligation compared to medical management alone [10–14]. In a
secondary analysis of 426 ELBW infants treated for PDA from the Trial
of Indomethacin Prophylaxis in Preterms, Kabra et al. reported

Table 2
Neonatal and neurodevelopmental outcomes reported in select large adjusted observational studies for infants with a patent ductus arteriosus treated with surgical
ligation compared with medical management only.

Study Characteristics Antenatal/perinatal
confounders adjusted

Postnatal confounders adjusted OR (95% CI)a

Death
or NDI

In-hospital
mortality

NDI Severe ROP CLD

Kabra [13] ELBW infants with symptomatic
PDA
PDA ligation (n=110)
Medical only (n=316)

GA, sex, ACS, multiples,
mother's education, total dose
indomethacin

None 1.55
(0.97,
2.50)

0.56
(0.29, 1.10)

1.98
(1.18,
3.30)

2.20
(1.19, 4.07)

1.81
(1.09,
3.03)

Madan [14] b ELBW infants with PDA
Primary ligation (n=135), Indo
only (n=1525), Indo and ligation
(n=775)
No treatment (n=403)

GA, BW, gender, ACS, center,
prophylactic indomethacin,
Apgar score, RDS, IUGR,
antenatal infection, maternal
marital status and age.

Postnatal sepsis 1.03
(0.80,
1.33)

0.46
(0.35, 0.62)

1.53
(1.16,
2.03)

n/a 3.10
(2.26,
4.26)

Mirea [10] c Infants with GA ≤32 weeks with
PDA. Conservative (n=577),
Indo only (n = 2026),
Indo + ligation (n=626),
Primary ligation (n=327)

GA, ACS, multiples, gender,
IUGR, SNAP II

None n/a 0.41
(0.31, 0.54)

n/a 1.91
(1.51, 2.41)

2.30
(1.91,
2.77)

Weisz [16] d Infants with GA ≤27 weeks with
clinical and echo diagnosis of PDA
Ligation (n=184)
Medical treatment only (n=570)

GA, IUGR, ACS, gender,
multiples, SNAP II score ≥20,
center

Sepsis, severe IVH, inotropes,
NEC>2, average daily mean
airway pressure, No. days invasive
ventilation, total dose of
indomethacin, systemic
corticosteroids

0.83
(0.52,
1.32)

0.09
(0.04, 0.21)

1.27
(0.78,
2.06)

1.61
(0.85, 3.06)

1.36
(0.78,
2.39)

OR, odds ratio; CI, confidence interval; ACS, antenatal corticosteroids; BW, birthweight; CLD, chronic lung disease; ELBW, extremely low birth weight; GA, ge-
stational age; Indo, indomethacin; IVH, intraventricular hemorrhage; NDI, neurodevelopmental impairment; NEC, necrotizing enterocolitis; RCT, randomized
controlled trial; RDS, respiratory distress syndrome; ROP, retinopathy of prematurity; SNAP, score for neonatal acute physiology.
Adapated from: Weisz DE, Ting J, McNamara P. The role of surgical ligation or the patent ductus arteriosus and post ligation cardiac compromise. In: Seri I, Kluckow
M editors. Hemodynamics and cardiology: neonatology questions and controversies, 3rd edition. Elsevier; 2018 (in press). Ch. 24.

a Reference is medically treated infants.
b Data shown for indomethacin and ligation versus indomethacin only. Sepsis was adjusted for in multivariable analysis, however, the timing of infection in

relation to ductal closure was not specified.
c Data shown for any ligation versus no ligation. Data were provided by the primary author and are unpublished.
d Postnatal confounders adjusted were those occurring prior to ductal closure during the period each infant was considered at-risk of surgical ligation.
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Association of Patent Ductus Arteriosus Ligation
With Death or Neurodevelopmental Impairment
Among Extremely Preterm Infants
Dany E. Weisz, MD, MSc; Lucia Mirea, PhD; Erin Rosenberg, BSc; Maximus Jang, BSc, MD; Linh Ly, MD; Paige T. Church, MD;
Edmond Kelly, MD; S. Joseph Kim, MD, PhD; Amish Jain, MD; Patrick J. McNamara, MD, MSc; Prakesh S. Shah, MD, MSc

IMPORTANCE Observational studies have associated patent ductus arteriosus (PDA) ligation
among preterm infants with adverse neonatal outcomes and neurodevelopmental
impairment in early childhood, with a resultant secular trend away from surgical treatment.
However, to our knowledge, studies have inadequately addressed sources of residual bias,
including survival bias and major neonatal morbidities arising before exposure to ligation.

OBJECTIVE Evaluate the association between PDA ligation vs medical management and
neonatal and neurodevelopmental outcomes.

DESIGN, SETTING, AND PARTICIPANTS This retrospective cohort study of preterm infants
younger than 28 weeks gestational age born between January 1, 2006, and December 31,
2012, with clinical and echocardiography diagnoses of hemodynamically significant PDA was
conducted at 3 tertiary neonatal intensive care units and affiliated follow-up programs.

EXPOSURE Surgical ligation vs medical management.

MAIN OUTCOMES AND MEASURES The primary outcome was a composite of death or
neurodevelopmental impairment (NDI) at 18 to 24 months corrected age. Secondary
outcomes included death before discharge, NDI, moderate-severe chronic lung disease, and
severe retinopathy of prematurity. Multivariable logistic regression analysis was used to
adjust for perinatal and postnatal confounders.

RESULTS Of 754 infants with hemodynamically significant PDA (mean [standard deviation]
gestational age 25.7 [1.2] weeks and birth weight 813 [183] grams), 184 (24%) underwent
ligation. Infants who underwent ligation had a higher frequency of morbidities before PDA
closure, including sepsis, necrotizing enterocolitis, and a dependence on mechanical
ventilation. After adjusting for perinatal characteristics and preligation morbidities, there was
no difference in the odds of death or NDI (adjusted odds ratio (aOR), 0.83; 95% CI, 0.52-1.32),
NDI (aOR, 1.27; 95% CI, 0.78-2.06), chronic lung disease (aOR, 1.36; 95% CI, 0.78-2.39) or
severe retinopathy of prematurity (aOR, 1.61; 95% CI, 0.85-3.06). Ligation was associated
with lower odds of mortality (aOR, 0.09; 95% CI, 0.04-0.21).

CONCLUSIONS AND RELEVANCE Patent ductus arteriosus ligation among preterm neonates
younger than 28 weeks gestational age was not associated with the composite outcome of
death or NDI, and there were no differences in chronic lung disease, retinopathy of
prematurity, or NDI among survivors. Mortality was lower among infants who underwent
ligation, though residual survival bias could not be excluded. Previously reported associations
of ligation with increased morbidity may be because of bias from confounding by indication.
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Conclusion: 
 
 

“Clinicians need not avoid surgical PDA 
ligation in infants with large persistent [hs] 
PDAs out of concern for adverse neonatal 

outcomes. “ 

Outcomes of Surgical Ligation after Unsuccessful Pharmacotherapy for
Patent Ductus Arteriosus in Neonates Born Extremely Preterm

Dany E. Weisz, MD, MSc1,2, Lucia Mirea, PhD3, Maura H. F. Resende, MD4, Linh Ly, MD2,5, Paige T. Church, MD1,2,
Edmond Kelly, MD2,5, S. Joseph Kim, MD, PhD6, Amish Jain, MD, PhD2,5, Patrick J. McNamara, MD, MSc2,4,7,8, and

Prakesh S. Shah, MD, MSc2,5,9

A retrospective cohort study of neonates born extremely preterm with persistent patent ductus arteriosus after un-
successful pharmacologic closure compared outcomes between 166 surgically ligated and 142 nonligated neo-
nates. After adjustment for confounders, ligation was not associated with the composite outcome of death or
neurodevelopmental impairment, neurodevelopmental impairment alone, chronic lung disease, or retinopathy of
prematurity among survivors. (J Pediatr 2017;■■:■■-■■).

T he selection of extremely preterm infants with persis-
tent patent ductus arteriosus (PDA) for surgical liga-
tion after the failure of pharmacologic closure remains

controversial in neonatology. No randomized clinical trial has
examined the efficacy of surgery compared with conservative
management (ie, no ligation) among infants with persistent
hemodynamically significant patent ductus arteriosus (HSPDA)
after nonsteroidal anti-inflammatory drug (NSAID) treat-
ment. Recent, large observational studies have associated PDA
surgery after failure of pharmacotherapy with increased chronic
lung disease (CLD), retinopathy of prematurity (ROP), and
neurodevelopmental impairment (NDI) in early childhood.1-7

Although these publications have coincided with a secular
trend toward a reduction in the number of infants treated with
ligation,8,9 significant methodologic shortcomings of these
studies exist. Failure to adjust for postnatal morbidities arising
before surgery may have resulted in residual bias against ligated
infants due to confounding by indication, as they frequently
have greater pretreatment illness severity than nonligated infants
(eg, dependence on invasive mechanical ventilation), which may
affect the decision to refer for surgery. In addition, studies com-
paring outcomes of ligated and nonligated infants after un-
successful pharmacotherapy have inappropriately included all
medically treated, nonligated infants irrespective of ductal
patency. Infants whose PDA closed with pharmacotherapy
should be considered to have been ineligible for ligation. If these
infants were systematically healthier than infants whose PDAs
remained open, then their inclusion may introduce selection
bias in favor of the nonligated group. Finally, the contempo-
rary use of ligation as a rescue treatment after failure of medical
management confers an apparent mortality advantage for
ligated infants that may be due to survival bias. The objective

of this study was to evaluate the association between surgical
ligation and neonatal and neurodevelopmental outcomes
among infants with persistent HSPDA after failure of phar-
macologic closure.

Methods

We conducted a subcohort analysis of a retrospective cohort
of infants born extremely preterm at ≤276/7 weeks gestational
age (GA), with a clinical and echocardiography diagnosis of
HSPDA (defined as ductal diameter ≥1.5 mm on at least 1
echocardiogram) who were treated at 3 tertiary neonatal in-
tensive care units in Toronto, Canada, from January 1, 2006,
to December 31, 2012. Data from the entire cohort have been
reported previously, where we compared all ligated and
nonligated infants, irrespective of previous NSAID treatment
and persistent ductal patency.10 The population of interest in
this study comprised infants with echocardiography-proven
HSPDA (defined as at least “moderate” in significance) after
their final course of NSAID therapy.

Treatment for PDA was at the discretion of the attending
neonatologist and was administered for clinical and
echocardiography evidence of a HSPDA. Medical treatment
aimed at facilitating ductal closure (with NSAID such as in-
domethacin or ibuprofen) was used as first-line therapy and
could be repeated. The decision to refer an infant for PDA
ligation after failure of pharmacologic closure was made by
the attending neonatologist at each site in conjunction with
a neonatologist with expertise in echocardiography.

The hemodynamic significance of the PDA and date of as-
sessment were abstracted from all echocardiography reports

CLD Chronic lung disease
DOL Day of life
GA Gestational age
HSPDA Hemodynamically significant patent ductus arteriosus
NDI Neurodevelopmental impairment
NSAID Nonsteroidal anti-inflammatory drug
PDA Patent ductus arteriosus
ROP Retinopathy of prematurity
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Conclusion: 
 
 

“Epidemiological associations of PDA surgery 
with adverse neonatal and  neuro-

developmental outcomes may be due to 
residual bias from confounding by indication 
rather than to a casual detrimental effect…” 

Does ligation cause harm? 

Disclaimer : Does ligation cause long-term harm? 



Transcather Device Closure 

the lack of comparative studies and longer term efficacy
results have left healthcare providers with insufficient
evidence to guide the practice of evidence-based medicine.
In other words, “just because we can, does not mean we
should.”

A number of strategies are available to accumulate evi-
dence to better define optimal use of the device. Transparent,
publicly reported, postmarketing surveillance is 1 strategy to
inform healthcare providers, families, and regulators, partic-
ularly regarding device-related AEs.28 Traditionally, the Food

and Drug Administration relied on healthcare providers to
report AEs attributable to a medical device.29 However,
healthcare providers may underreport such events, with
some studies suggesting that only 1% of all device-related
AEs are reported to the Food and Drug Administration,
with more serious AEs less likely to be reported.29 In
response, regulatory agencies and investigators are increas-
ingly turning to active surveillance models.30

Active surveillance uses either formal registries with
ongoing contact with providers to monitor outcomes and
side effects over time or a more sophisticated use of elec-
tronic health records as a virtual registry. One noteworthy
effort that will combine these methods, and is currently be-
ing promoted by the Food and Drug Administration, is the
National Evaluation System for health Technology
(NEST).31 NEST is a network of data partners, predomi-
nantly industry, across the medical device ecosystem. The
primary goal of NEST is to generate informative clinical
knowledge from diverse data sources (electronic health
records, billing data, and clinical registries) in an effort to
identify safety problems more quickly and to understand
better the benefit–risk profiles of devices as used in clinical
care.32 Moreover, NEST is seeking nontraditional partners
like PEDSnet, a consortium of the nation’s largest children’s
hospitals engaged in a unified electronic health record sys-
tem for longitudinal studies, to combine the best methods
from registries and records.23 Because the risk–benefit pro-
files of percutaneous occlusion are likely to change over
time (refinements in clinical technique) and vary according
to patient (degree of prematurity, birth weight, severity of
respiratory disease, duration of PDA exposure from birth,
and PDA size and illness severity), procedural (anesthesia,
operator experience), and institutional (site volume)
characteristics, the mechanisms for guiding active

Figure. Percutaneous device closure of a PDA using the
Amplatzer Piccolo Occluder. LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle.

Table. Amplatzer Piccolo Occluder use among VLW (<2.5 kg) infants

First authors (Publication year) Year Type of study
Single or
multicenter

No. of successful
implants/No. of

attempted implants
Weight (kg) at

time of procedure
No. of

major AEs*

Sungur et al16 2013 Retrospective Single center 6/7 1.8 ! 0.4 0
Agnoletti et al17 2016 Retrospective Single center 1/1 2.01 0
Narin et al18 2016 Retrospective Single center 10/10 0.9 ! 0.1 0
Narin et al19 2017 Retrospective Single center 12/12 1.4 ! 0.4 0
Morville et al20,† 2017 Prospective Single center 31/32 1.4 ! 0.5 7‡

Morville et al21,† 2018 Prospective Single center 17/18 1.0 ! 0.2 6§

Rodriguez Ogando et al22,{ 2018 Retrospective Single center 27/27 1.26 (1.0-1.98) 2**
Rodriguez Ogando et al23,{ 2018 Retrospective Single center 25/25 1.33 ! 0.28 2††

Berman et al24,‡‡ 2019 Prospective Multicenter 71/73 1.6 ! 0.8 1§§

Studies were included if the mean or median patient weight was <2.5 kg. Studies that enrolled mixed populations (infants and older children or adults) were included if individual outcomes among
infants <2.5 kg could be ascertained. Studies that included various PDA closure devices were included if outcomes among infants <2.5 kg with Amplatzer Piccolo Occluder (or Amplatzer ductal
occluder additional sizes, ADO-II AS) could be ascertained.
*As defined by Bergersen et al.25

†Potential overlap between studies.
‡Cardiac perforation by catheter wire, death (n = 1); blood loss, transfusion required (n = 1); hypotension, treatment required (n = 5).
{Potential overlap between studies.
§Cardiac preformation by catheter wire, death (n = 1); blood loss, transfusion required (n = 1); hypotension, treatment required (n = 4).
**Embolization (n = 2); “surgical complications” noted in 3 other cases with no further elaboration.
††Embolization (n = 2), percutaneous retrieval.
‡‡Abstract only.
§§Embolization, percutaneous retrieval.
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Perioperative assessment  Intervention Postoperative care 
Neonatal/Cardiology 

Post-operative  
assessment of cardiac 
performance (echo) 

NICU nursing team 
Monitor for procedural 

complications (thrombus, 
bleeding, CVS status) 

NICU respiratory 
Maintain and implement 

ventilation changes as 
needed  

NICU medical/referral 
Fluid, nutrition,   

CVS support , transport 
back to referral, f/u echo   

Not eligible 

CT surgeon 
Assess patient and  
perform surgical  

PDA ligation 

Neonatology 
Clinical Assessment 
(echocardiography) 

Cardiology (imaging/intervent) 

Assessment of ductal  
shape and size by 
echocardiography 

Referring Hospital 
Medical team decision  

to close the hsPDA 
Consult to BCH  

Yes 

Interventional cardiology 
Perform procedure in an 

environment optimized for 
preterm infants < 1000g 

Cardiology 
Intraoperative 

echocardiography 

Anesthesia 
Experienced in 

neonatal ventilation 
and anesthesia 

Nursing 
Temperature control, 
procedural support 

CT surgery 
Support in case of 
complications or 
inability to close 

Neonatology 
Assist with fluid, 

ventilation, sedation 

Modified from McNamara et al. Lancet Child Adolesc Health. 2019;3:290-292 



Transcatheter device closure and Respiratory Morbidity 

Follow-up after Percutaneous Patent Ductus Arteriosus
Occlusion in Lower Weight Infants

Erin Nealon, MD1,2, Brian K. Rivera, MS3, Clifford L. Cua, MD1,2, Molly K. Ball, MD1,4, Corey Stiver, MD1,2, Brian A. Boe, MD1,2,
Jonathan L. Slaughter, MD, MPH1,3,4,5, Joanne Chisolm, RN2, Charles V. Smith, PhD6, Jennifer N. Cooper, PhD5,7,

Aimee K. Armstrong, MD1,2, Darren P. Berman, MD1,2, and Carl H. Backes, MD1,2,3,4

Objectives To describe longer term outcomes for infants <6 kg undergoing percutaneous occlusion of the patent
ductus arteriosus (PDA).
Study design This was a retrospective cohort study of infants <6 kg who underwent isolated percutaneous
closure of the PDA at a single, tertiary center (2003-2017). Cardiopulmonary outcomes and device-related compli-
cations (eg, left pulmonary artery obstruction) were examined for differences across weight thresholds (very low
weight, <3 kg; low weight, 3-<6 kg). We assessed composite measures of respiratory status during and beyond
the initial hospitalization using linear mixed effects models.
Results In this cohort of lower weight infants, 92 of 106 percutaneous occlusion procedures were successful. Me-
dian age and weight at procedure were 3.0 months (range, 0.5-11.1 months) and 3.7 kg (range, 1.4-5.9 kg), respec-
tively. Among infants with pulmonary artery obstruction on initial postprocedural echocardiograms (n = 20 [22%]),
obstruction persisted through hospital discharge in 3 infants. No measured variables were associated with device-
related complications. Rates of oxygenation failure (28% vs 8%; P < .01) and decreased left ventricular systolic
function (29% vs 5%; P < .01) were higher among very low weight than low weight infants. Pulmonary scores
decreased (indicating improved respiratory status) following percutaneous PDA closure.
Conclusions Percutaneous PDA occlusion among lower weight infants is associated with potential longer term
improvements in respiratory health. Risks of device-related complications and adverse cardiopulmonary out-
comes, particularly among very low weight infants, underscore the need for continued device modification. Before
widespread use, clinical trials comparing percutaneous occlusion vs alternative treatments are needed. (J Pediatr
2019;-:1-7).

Percutaneous (catheter-based) occlusion of a patent ductus arteriosus (PDA) is the procedure of choice for ductal
closure in adults, children, and infants ³6 kg.1,2 In these more mature patients, percutaneous occlusion offers several
benefits over surgical PDA ligation, including fewer complications, shorter recovery times, and lower health care ex-

penditures.3,4 However, use among lower weight infants (<6 kg at time of procedure) is not widely accepted, because previous
studies have excluded this population, and some manufacturer recommendations specify use in patients >6 kg.5,6 Although
recent investigators have characterized procedural success (feasibility) rates among lower weight infants >90%, outcomes
beyond the immediate postprocedural period, including the timing and nature
of device-related obstruction (eg, left pulmonary artery obstruction) and cardio-
pulmonary compromise (eg, decreased myocardial performance) are not well-
described.2,7 Additionally, medium-term and longer term respiratory outcomes,
including those beyond the hospitalization, remain largely unknown.

The primary objectives of the present study were to characterize the incidence
of and risk factors for device-related obstruction and cardiopulmonary
compromise among lower weight infants undergoing percutaneous PDA occlu-
sion. A secondary objective was to compare respiratory status before and after
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AVP-II Amplatzer Vascular Plug-II

DA Descending aorta

LVEF Left ventricular ejection fraction

LW Low weight

PDA Patent ductus arteriosus

PH Pulmonary arterial hypertension

VLW Very low weight
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40% (8/20) and 15% (3/20) of infants, respectively (Figure 3,
A; available at www.jpeds.com). We observed 2 cases of mild
LPA obstruction not observed on the initial postprocedure
echocardiogram, but observed on a later, subsequent
echocardiogram 1 month after closure (late-onset
obstruction); in both cases, no evidence of LPA obstruction
was observed at discharge.

Immediately after device placement, DA obstruction was
observed on echocardiogram in 7 infants (8%), with median
maximal instantaneous gradients of 17 mm Hg (range, 16-
38 mmHg). Among infants with evidence of DA obstruction
on the initial postprocedural echocardiogram, persistent DA
obstruction at 1 month after closure and discharge was
observed among 4 infants at both time-points, respectively
(Figure 3, B). We observed 3 cases of DA obstruction not
observed on the initial postprocedure echocardiogram, but
observed on echocardiograms 1 month after the procedure
(“late-onset obstruction”); in 2 of the 3 cases of late-onset
obstruction, no evidence of DA obstruction was observed
on the echocardiogram at discharge. Among the cohort, we
observed 3 infants with evidence of LPA and DA
obstruction. Agreement on evidence LPA or DA device
obstruction (yes/no) and severity of obstruction (mild vs
moderate) was good, with a k of 0.93 and 0.85, respectively.

Two infants (2/92 [2%]) met the criteria for procedural
failure. Both cases had evidence of persistent hemolysis sec-
ondary to the device and underwent surgical ligation of the
ductus and device removal. Two infants (2/92 [2%]) had ev-
idence of residual ductal shunting by color flow Doppler on
the initial postprocedure echocardiogram, but this shunting
was not apparent on subsequent studies. We observed no ev-
idence of late embolization. None of the preprocedural vari-
ables of interest were associated with the composite outcome
of a device-related complication (Table V; available at www.
jpeds.com). We observed no differences in adverse
cardiopulmonary outcomes among infants with PH vs
infants without PH (Table VI; available at www.jpeds.
com). When a multivariable model that included
procedural weight (centered), procedural age (centered),
and an interaction between weight and age was fit for the

occurrence of a device-related complication, none of the
variables predicted the composite outcome.
Compared with preprocedure values, the pulmonary score

decreased over time following PDA closure (Figure 4, A;
linear mixed effects model, P < .01). Compared with
preprocedure baselines, the likelihood to receive
mechanical ventilation (Figure 4, B; logistic mixed effects
model, P < .01), and the use of diuretics (Figure 4, C;
logistic mixed effects model, P < .01), decreased after PDA
closure.
Outpatient data were available in 81 infants (88%) with a

median follow-up time of 3 years (range, 1-8 years). Among 3
cases with persistent mild LPA obstruction at discharge, 2
had ventilation/perfusion scans at 10 and 37 months after
the procedure. One scan showed asymmetry normal flow
split (57% to the right lung and 43% to left lung), the other
showed asymmetric split lung perfusion (77% to the right
lung and 23% to the left lung). No infants have undergone
reintervention to address LPA obstruction. Among 5 cases
with evidence of DA obstruction at discharge, none have
had symptomatology attributed to the obstruction, with a
median upper extremity/lower extremity gradient of
<15 mmHg in all patients. None have undergone reinterven-
tion to address the DA obstruction.

Table II. Demographics

Characteristics Infants (n = 92)

Birth weight (g) 1196 (475-4165)
Completed weeks of gestation*
23-25 20 (22)
26-28 22 (24)
29-31 8 (9)
³32 38 (41)

Female sex 50 (54)
Additional cardiac defects 46 (50)
Atrial-septal defect 38 (41)
Ventricular septal defect 12 (13)
Atrioventricular septal defect 2 (2)

Genetic/chromosomal anomalies 16 (17)
Age at procedure (months) 3.0 (0.5-11.1)
Weight at procedure (kg) 3.7 (1.4-5.9)

Data are median (range), number (%) or mean ! SD.
*Age at birth unknown (n = 4).

Table IV. Device-related complications and
cardiopulmonary outcomes

Characteristics
Total

(n = 92)
<3 kg
(n = 32)

‡3 kg
(n = 60) P value

Cardiopulmonary outcomes
Treatment of hypotension 24 (26) 10 (31) 14 (23) .46

Epinephrine 1 (1) 1 (3) 1 (2) –
Red blood cell transfusion 22 (24) 10 (31) 13 (22) .32
Epinephrine and red blood
cell transfusion

1 (1) 1 (3) 0 (0) –

Oxygenation failure 13 (14) 9 (28) 4 (8) <.01
Decreased left ventricular

systolic function*,†
12 (13) 9 (29) 3 (5) <.01

Postligation cardiac syndrome 7 (8) 4 (13) 3 (6) .23
Composite adverse

cardiopulmonary
outcomes†

12 (13) 9 (29) 3 (5) <.01

Device-related complications
LPA obstruction‡ 22 (24) 8 (25) 14 (23) >0.99

Mild obstruction 21 (23) 8 (25) 13 (22) .80
Moderate obstruction 1 (1) 0 (0) 1 (2) –

DA obstruction§ 10 (11) 2 (6) 8 (13) .48
Residual shunting 2 (2) 1 (3) 1 (2) >0.99
Late embolization 0 (0) 0 (0) 0 (0) –
Failed closure 2 (2) 1 (3) 1 (2) >0.99
Composite device-related

complication{
30 (33) 10 (31) 20 (33) >0.99

LPA, left pulmonary artery.
Data shown as number (% of column), except where otherwise indicated.
Severity of LPA obstruction was based on the following peak instantaneous Doppler velocity
obtained by echocardiogram: mild (³2.0 to <3.0 m/s), moderate (³3.0 m/s).
*All infants with decreased left ventricular systolic function were mildly reduced (EF of 41%–
55%).
†Denominators adjusted for missing data.
‡Includes 2 cases of late-onset obstruction of LPA not observed on the initial postprocedure
echocardiogram.
§Includes 3 cases of late-onset obstruction of DA not observed on the initial postprocedure
echocardiogram.
{Some infants had multiple device-related complications.
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40% (8/20) and 15% (3/20) of infants, respectively (Figure 3,
A; available at www.jpeds.com). We observed 2 cases of mild
LPA obstruction not observed on the initial postprocedure
echocardiogram, but observed on a later, subsequent
echocardiogram 1 month after closure (late-onset
obstruction); in both cases, no evidence of LPA obstruction
was observed at discharge.

Immediately after device placement, DA obstruction was
observed on echocardiogram in 7 infants (8%), with median
maximal instantaneous gradients of 17 mm Hg (range, 16-
38 mmHg). Among infants with evidence of DA obstruction
on the initial postprocedural echocardiogram, persistent DA
obstruction at 1 month after closure and discharge was
observed among 4 infants at both time-points, respectively
(Figure 3, B). We observed 3 cases of DA obstruction not
observed on the initial postprocedure echocardiogram, but
observed on echocardiograms 1 month after the procedure
(“late-onset obstruction”); in 2 of the 3 cases of late-onset
obstruction, no evidence of DA obstruction was observed
on the echocardiogram at discharge. Among the cohort, we
observed 3 infants with evidence of LPA and DA
obstruction. Agreement on evidence LPA or DA device
obstruction (yes/no) and severity of obstruction (mild vs
moderate) was good, with a k of 0.93 and 0.85, respectively.

Two infants (2/92 [2%]) met the criteria for procedural
failure. Both cases had evidence of persistent hemolysis sec-
ondary to the device and underwent surgical ligation of the
ductus and device removal. Two infants (2/92 [2%]) had ev-
idence of residual ductal shunting by color flow Doppler on
the initial postprocedure echocardiogram, but this shunting
was not apparent on subsequent studies. We observed no ev-
idence of late embolization. None of the preprocedural vari-
ables of interest were associated with the composite outcome
of a device-related complication (Table V; available at www.
jpeds.com). We observed no differences in adverse
cardiopulmonary outcomes among infants with PH vs
infants without PH (Table VI; available at www.jpeds.
com). When a multivariable model that included
procedural weight (centered), procedural age (centered),
and an interaction between weight and age was fit for the

occurrence of a device-related complication, none of the
variables predicted the composite outcome.
Compared with preprocedure values, the pulmonary score

decreased over time following PDA closure (Figure 4, A;
linear mixed effects model, P < .01). Compared with
preprocedure baselines, the likelihood to receive
mechanical ventilation (Figure 4, B; logistic mixed effects
model, P < .01), and the use of diuretics (Figure 4, C;
logistic mixed effects model, P < .01), decreased after PDA
closure.
Outpatient data were available in 81 infants (88%) with a

median follow-up time of 3 years (range, 1-8 years). Among 3
cases with persistent mild LPA obstruction at discharge, 2
had ventilation/perfusion scans at 10 and 37 months after
the procedure. One scan showed asymmetry normal flow
split (57% to the right lung and 43% to left lung), the other
showed asymmetric split lung perfusion (77% to the right
lung and 23% to the left lung). No infants have undergone
reintervention to address LPA obstruction. Among 5 cases
with evidence of DA obstruction at discharge, none have
had symptomatology attributed to the obstruction, with a
median upper extremity/lower extremity gradient of
<15 mmHg in all patients. None have undergone reinterven-
tion to address the DA obstruction.

Table II. Demographics

Characteristics Infants (n = 92)

Birth weight (g) 1196 (475-4165)
Completed weeks of gestation*
23-25 20 (22)
26-28 22 (24)
29-31 8 (9)
³32 38 (41)

Female sex 50 (54)
Additional cardiac defects 46 (50)
Atrial-septal defect 38 (41)
Ventricular septal defect 12 (13)
Atrioventricular septal defect 2 (2)

Genetic/chromosomal anomalies 16 (17)
Age at procedure (months) 3.0 (0.5-11.1)
Weight at procedure (kg) 3.7 (1.4-5.9)

Data are median (range), number (%) or mean ! SD.
*Age at birth unknown (n = 4).

Table IV. Device-related complications and
cardiopulmonary outcomes

Characteristics
Total

(n = 92)
<3 kg
(n = 32)

‡3 kg
(n = 60) P value

Cardiopulmonary outcomes
Treatment of hypotension 24 (26) 10 (31) 14 (23) .46

Epinephrine 1 (1) 1 (3) 1 (2) –
Red blood cell transfusion 22 (24) 10 (31) 13 (22) .32
Epinephrine and red blood
cell transfusion

1 (1) 1 (3) 0 (0) –

Oxygenation failure 13 (14) 9 (28) 4 (8) <.01
Decreased left ventricular

systolic function*,†
12 (13) 9 (29) 3 (5) <.01

Postligation cardiac syndrome 7 (8) 4 (13) 3 (6) .23
Composite adverse

cardiopulmonary
outcomes†

12 (13) 9 (29) 3 (5) <.01

Device-related complications
LPA obstruction‡ 22 (24) 8 (25) 14 (23) >0.99

Mild obstruction 21 (23) 8 (25) 13 (22) .80
Moderate obstruction 1 (1) 0 (0) 1 (2) –

DA obstruction§ 10 (11) 2 (6) 8 (13) .48
Residual shunting 2 (2) 1 (3) 1 (2) >0.99
Late embolization 0 (0) 0 (0) 0 (0) –
Failed closure 2 (2) 1 (3) 1 (2) >0.99
Composite device-related

complication{
30 (33) 10 (31) 20 (33) >0.99

LPA, left pulmonary artery.
Data shown as number (% of column), except where otherwise indicated.
Severity of LPA obstruction was based on the following peak instantaneous Doppler velocity
obtained by echocardiogram: mild (³2.0 to <3.0 m/s), moderate (³3.0 m/s).
*All infants with decreased left ventricular systolic function were mildly reduced (EF of 41%–
55%).
†Denominators adjusted for missing data.
‡Includes 2 cases of late-onset obstruction of LPA not observed on the initial postprocedure
echocardiogram.
§Includes 3 cases of late-onset obstruction of DA not observed on the initial postprocedure
echocardiogram.
{Some infants had multiple device-related complications.

THE JOURNAL OF PEDIATRICS " www.jpeds.com Volume -

4 Nealon et al

40% (8/20) and 15% (3/20) of infants, respectively (Figure 3,
A; available at www.jpeds.com). We observed 2 cases of mild
LPA obstruction not observed on the initial postprocedure
echocardiogram, but observed on a later, subsequent
echocardiogram 1 month after closure (late-onset
obstruction); in both cases, no evidence of LPA obstruction
was observed at discharge.

Immediately after device placement, DA obstruction was
observed on echocardiogram in 7 infants (8%), with median
maximal instantaneous gradients of 17 mm Hg (range, 16-
38 mmHg). Among infants with evidence of DA obstruction
on the initial postprocedural echocardiogram, persistent DA
obstruction at 1 month after closure and discharge was
observed among 4 infants at both time-points, respectively
(Figure 3, B). We observed 3 cases of DA obstruction not
observed on the initial postprocedure echocardiogram, but
observed on echocardiograms 1 month after the procedure
(“late-onset obstruction”); in 2 of the 3 cases of late-onset
obstruction, no evidence of DA obstruction was observed
on the echocardiogram at discharge. Among the cohort, we
observed 3 infants with evidence of LPA and DA
obstruction. Agreement on evidence LPA or DA device
obstruction (yes/no) and severity of obstruction (mild vs
moderate) was good, with a k of 0.93 and 0.85, respectively.

Two infants (2/92 [2%]) met the criteria for procedural
failure. Both cases had evidence of persistent hemolysis sec-
ondary to the device and underwent surgical ligation of the
ductus and device removal. Two infants (2/92 [2%]) had ev-
idence of residual ductal shunting by color flow Doppler on
the initial postprocedure echocardiogram, but this shunting
was not apparent on subsequent studies. We observed no ev-
idence of late embolization. None of the preprocedural vari-
ables of interest were associated with the composite outcome
of a device-related complication (Table V; available at www.
jpeds.com). We observed no differences in adverse
cardiopulmonary outcomes among infants with PH vs
infants without PH (Table VI; available at www.jpeds.
com). When a multivariable model that included
procedural weight (centered), procedural age (centered),
and an interaction between weight and age was fit for the

occurrence of a device-related complication, none of the
variables predicted the composite outcome.
Compared with preprocedure values, the pulmonary score

decreased over time following PDA closure (Figure 4, A;
linear mixed effects model, P < .01). Compared with
preprocedure baselines, the likelihood to receive
mechanical ventilation (Figure 4, B; logistic mixed effects
model, P < .01), and the use of diuretics (Figure 4, C;
logistic mixed effects model, P < .01), decreased after PDA
closure.
Outpatient data were available in 81 infants (88%) with a

median follow-up time of 3 years (range, 1-8 years). Among 3
cases with persistent mild LPA obstruction at discharge, 2
had ventilation/perfusion scans at 10 and 37 months after
the procedure. One scan showed asymmetry normal flow
split (57% to the right lung and 43% to left lung), the other
showed asymmetric split lung perfusion (77% to the right
lung and 23% to the left lung). No infants have undergone
reintervention to address LPA obstruction. Among 5 cases
with evidence of DA obstruction at discharge, none have
had symptomatology attributed to the obstruction, with a
median upper extremity/lower extremity gradient of
<15 mmHg in all patients. None have undergone reinterven-
tion to address the DA obstruction.

Table II. Demographics

Characteristics Infants (n = 92)

Birth weight (g) 1196 (475-4165)
Completed weeks of gestation*
23-25 20 (22)
26-28 22 (24)
29-31 8 (9)
³32 38 (41)

Female sex 50 (54)
Additional cardiac defects 46 (50)
Atrial-septal defect 38 (41)
Ventricular septal defect 12 (13)
Atrioventricular septal defect 2 (2)

Genetic/chromosomal anomalies 16 (17)
Age at procedure (months) 3.0 (0.5-11.1)
Weight at procedure (kg) 3.7 (1.4-5.9)

Data are median (range), number (%) or mean ! SD.
*Age at birth unknown (n = 4).

Table IV. Device-related complications and
cardiopulmonary outcomes

Characteristics
Total

(n = 92)
<3 kg
(n = 32)

‡3 kg
(n = 60) P value

Cardiopulmonary outcomes
Treatment of hypotension 24 (26) 10 (31) 14 (23) .46

Epinephrine 1 (1) 1 (3) 1 (2) –
Red blood cell transfusion 22 (24) 10 (31) 13 (22) .32
Epinephrine and red blood
cell transfusion

1 (1) 1 (3) 0 (0) –

Oxygenation failure 13 (14) 9 (28) 4 (8) <.01
Decreased left ventricular

systolic function*,†
12 (13) 9 (29) 3 (5) <.01

Postligation cardiac syndrome 7 (8) 4 (13) 3 (6) .23
Composite adverse

cardiopulmonary
outcomes†

12 (13) 9 (29) 3 (5) <.01

Device-related complications
LPA obstruction‡ 22 (24) 8 (25) 14 (23) >0.99

Mild obstruction 21 (23) 8 (25) 13 (22) .80
Moderate obstruction 1 (1) 0 (0) 1 (2) –

DA obstruction§ 10 (11) 2 (6) 8 (13) .48
Residual shunting 2 (2) 1 (3) 1 (2) >0.99
Late embolization 0 (0) 0 (0) 0 (0) –
Failed closure 2 (2) 1 (3) 1 (2) >0.99
Composite device-related

complication{
30 (33) 10 (31) 20 (33) >0.99

LPA, left pulmonary artery.
Data shown as number (% of column), except where otherwise indicated.
Severity of LPA obstruction was based on the following peak instantaneous Doppler velocity
obtained by echocardiogram: mild (³2.0 to <3.0 m/s), moderate (³3.0 m/s).
*All infants with decreased left ventricular systolic function were mildly reduced (EF of 41%–
55%).
†Denominators adjusted for missing data.
‡Includes 2 cases of late-onset obstruction of LPA not observed on the initial postprocedure
echocardiogram.
§Includes 3 cases of late-onset obstruction of DA not observed on the initial postprocedure
echocardiogram.
{Some infants had multiple device-related complications.
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1  | INTRODUC TION

Patent ductus arteriosus (PDA) is a very common condition in 
preterm infants. By 7 days of age, the PDA remains open in around 
65% preterm neonate’s born between 25 and 28 weeks of gestation 
and 87% at 24 weeks of gestation.1 Despite the high prevalence and 
multiple studies, there continues to be controversy on the manage-
ment of the PDA and its long-term effects on morbidity and mortal-
ity in preterm infants.2,3 Though there are disagreements on what is 
considered a hemodynamically significant PDA, from a physiologic 
standpoint the effects on the heart in terms of left atrial and ven-
tricular dilation are well known. The systemic hypoperfusion effects 
(such as renal impairment and necrotizing enterocolitis) are also con-
ceivable. However, what is often overlooked is the effects on the 
pulmonary vasculature from a high-pressure large volume shunt in 
a long-standing PDA. The confounding factor in preterm infants is 
the comorbidity of bronchopulmonary dysplasia (BPD). Pulmonary 
vascular disease in these cohorts of patients is a significant factor 
during decision making for closure of the PDA. More so, manage-
ment of pulmonary hypertension in the presence of a large PDA is 
challenging. The main objective of this review is to remind readers of 
the pulmonary vascular changes associated with an untreated large 

PDA in a preterm infant and the role of diagnostic cardiac catheter-
ization which may assist in decision making for PDA closure.

2  | PHYSIOLOGY

2.1 | Effect of a large PDA on pulmonary 
vasculature

The pulmonary vascular resistance (PVR) normally drops after birth 
with breathing due to lung expansion and an increase in PO2. In ad-
dition, the systemic vascular resistance (SVR) increases with removal 
of the placenta and leads to an increase in pulmonary blood flow. 
The pulmonary arterial pressure (PAP) falls normally and the medial 
layer of smooth muscle becomes thin.4 If the ductus arteriosus is 
widely patent, the PAP does not fall as rapidly and remains elevated. 
With large PDAs, there may be systemic pressures due to equaliza-
tion across a large defect. The diastolic pressures in the aorta and 
the pulmonary artery may be similar as well. The pulmonary arte-
rioles do not mature or thin normally and the persistence of the 
smooth muscle in the media delays the drop in PVR over the first 
3-4 months. The PVR does not reach normal levels but falls enough 
to permit excess pulmonary blood flow. As the PVR decreases the 

 

Received:	19	August	2018  |  Accepted:	16	October	2018
DOI: 10.1111/chd.12702

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

Effect of Patent Ductus Arteriosus on Pulmonary Vascular 
Disease

Ranjit Philip MD1  | Jason Nathaniel Johnson MD, MHS1,2  | Ronak Naik MD1 |  
Dai Kimura MD1,3 | Umar Boston MD1 | Sandeep Chilakala MD1 |  
Benjamin Hendrickson MD, MS1 | Benjamin Rush Waller MD1 | Shyam Sathanandam MD1

1Division of Pediatric Cardiology, University 
of Tennessee Health Science Center, Le 
Bonheur Children’s Hospital, Memphis, 
Tennessee
2Pediatric Radiology, University of Tennessee 
Health Science Center, Le Bonheur Children’s 
Hospital, Memphis, Tennessee
3Division of Pediatric Critical Care, University 
of Tennessee Health Science Center, Le 
Bonheur Children’s Hospital, Memphis, 
Tennessee

Correspondence
Ranjit Philip, MD, Pediatrics, LeBonheur 
Children’s Hospital, University of Tennessee, 
51 North Dunlap St., Memphis, TN 38104.
Email: rphilip@uthsc.edu

Abstract
The hemodynamic effects of a patent ductus arteriosus (PDA) are well known includ-
ing systemic hypoperfusion and volume overload on the left ventricle. This article 
aims to provide a review of the long-standing effect of a hemodynamically significant 
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Summary 

Shunt significance 

•  Moderate-to-large PDA shunts that persist beyond the first postnatal 
week are infrequently found in infants born ≥28 weeks gestation. 

•  Increased risk of neonatal morbidities is only associated with 
moderate-to-large PDA shunt volumes (not with small shunts);  

•  Moderate-to-large PDA shunts lower systemic blood pressure and 
alter pulmonary compliance;  

 



Summary 

Treatment effectiveness 

 > 28 weeks: 
 Equal effectiveness (65%) 
 
< 28 weeks (Tolerate)  
Indomethacin > Ibuprofen > Acetaminophen 
 
< 28 weeks (El Mashad) 
Equal effectiveness  



Summary 

Timing 

•  If one considers indomethacin/ibuprofen treatment during the 1st week, a 
delay of two-to-five days before starting treatment does not appear to 
affect the incidence of neonatal morbidities like NEC, BPD, ROP or death  

•  Similarly, after an infant has been exposed to a moderate-to-large shunt 
for longer than 2 weeks, additional delays in treatment of 1-2 weeks do 
not appear to affect the incidence of NEC, BPD, ROP or death. 
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TRANSLATIONAL PHYSIOLOGY

Aminoglycoside-mediated relaxation of the ductus arteriosus in
sepsis-associated PDA

Megan M. Vucovich,1 Robert B. Cotton,1 Elaine L. Shelton,1 Jeremy A. Goettel,1 Noah J. Ehinger,1

Stanley D. Poole,1 Naoko Brown,1 James L. Wynn,1 Bibhash C. Paria,1 James C. Slaughter,2

Reese H. Clark,4 Mario A. Rojas,5 and Jeff Reese1,3

1Department of Pediatrics, Vanderbilt University School of Medicine and the Monroe Carell Jr. Children’s Hospital at
Vanderbilt, Nashville, Tennessee; 2Department of Biostatistics, Vanderbilt University School of Medicine, Nashville,
Tennessee; 3Department of Cell and Developmental Biology, Vanderbilt University School of Medicine, Nashville, Tennessee;
4Pediatrix Medical Group, Sunrise, Florida; and 5Department of Pediatrics, Wake Forest University School of Medicine,
Winston Salem, North Carolina

Submitted 24 October 2013; accepted in final form 27 June 2014

Vucovich MM, Cotton RB, Shelton EL, Goettel JA, Ehinger
NJ, Poole SD, Brown N, Wynn JL, Paria BC, Slaughter JC, Clark
RH, Rojas MA, Reese J. Aminoglycoside-mediated relaxation of the
ductus arteriosus in sepsis-associated PDA. Am J Physiol Heart Circ
Physiol 307: H732–H740, 2014. First published July 3, 2014;
doi:10.1152/ajpheart.00838.2013.—Sepsis is strongly associated with
patency of the ductus arteriosus (PDA) in critically ill newborns.
Inflammation and the aminoglycoside antibiotics used to treat neona-
tal sepsis cause smooth muscle relaxation, but their contribution to
PDA is unknown. We examined whether: 1) lipopolysaccharide (LPS)
or inflammatory cytokines cause relaxation of the ex vivo mouse DA;
2) the aminoglycosides gentamicin, tobramycin, or amikacin causes
DA relaxation; and 3) newborn infants treated with aminoglycosides
have an increased risk of symptomatic PDA (sPDA). Changes in fetal
mouse DA tone were measured by pressure myography in response to
LPS, TNF-!, IFN-", macrophage-inflammatory protein 2, IL-15,
IL-13, CXC chemokine ligand 12, or three aminoglycosides. A
clinical database of inborn patients of all gestations was analyzed for
association between sPDA and aminoglycoside treatment. Contrary to
expectation, neither LPS nor any of the inflammatory mediators
caused DA relaxation. However, each of the aminoglycosides caused
concentration-dependent vasodilation in term and preterm mouse
DAs. Pretreatment with indomethacin and N-(G)-nitro-L-arginine
methyl ester did not prevent gentamicin-induced DA relaxation.
Gentamicin-exposed DAs developed less oxygen-induced constriction
than unexposed DAs. Among 488,349 infants who met the study
criteria, 40,472 (8.3%) had sPDA. Confounder-adjusted odds of sPDA
were higher in gentamicin-exposed infants, #25 wk and $32 wk.
Together, these findings suggest that factors other than inflammation
contribute to PDA. Aminoglycoside-induced vasorelaxation and inhi-
bition of oxygen-induced DA constriction support the paradox that
antibiotic treatment of sepsis may contribute to DA relaxation. This
association was also found in newborn infants, suggesting that anti-
biotic selection may be an important consideration in efforts to reduce
sepsis-associated PDA.

human; mouse; ductus arteriosus; lipopolysaccharide; endotoxin; cy-
tokine; aminoglycoside; gentamicin

PATENCY OF THE DUCTUS ARTERIOSUS (PDA) is critical during fetal
life. The DA is responsible for diverting blood flow from the
systemic venous return into the descending aorta, bypassing
the uninflated fetal lungs, to support the peripheral circulation
and perfuse the placenta. The DA normally closes soon after
birth so that systemic venous return is directed through the
pulmonary circulation, where newborn respiratory gas ex-
change occurs. In the full-term infant, the DA closes within
12–24 h after birth. In premature infants, particularly those
with lung disease, the DA may not close for days or weeks,
resulting in a long-term increase in blood flow through the
low-resistance pulmonary vascular bed. If the postnatal DA
fails to close, either spontaneously or by pharmacologic or
surgical means, infants incur increased risk for a number of
threatening conditions, including congestive heart failure, pul-
monary edema, progressive respiratory insufficiency, lung in-
jury, chronic lung disease, compromised systemic blood flow,
complications related to immaturity of organ systems, and
iatrogenic side effects secondary to efforts to treat these con-
ditions. When the ductus shunt is small or without significant
collateral effects, the condition is labeled PDA. When the
intensity or duration of left-to-right shunting through the DA is
sufficient to cause any of these side effects, the condition is
referred to as symptomatic PDA (sPDA).

Of the numerous risk factors associated with PDA (40), van
de Bor et al. (51) reported that sepsis was second only to
hyaline membrane disease as the factor most predictive of
sPDA. Neonates with early-onset sepsis have increased inci-
dence of sPDA (49). Late-onset sepsis is also associated with
sPDA (50). Rojas et al. (43) found a significant increase in the
odds ratio for the occurrence of chronic lung disease when
sepsis occurred simultaneously with sPDA. In a follow-up
study, they showed that sepsis increased the risk for late
reopening of the ductus (23). Moreover, infection preceded the
diagnosis of sPDA in a majority of their infants, who were also
found to have increased serum levels of prostaglandins (PGs;
6-keto PGF1!) or the inflammatory mediator, TNF-!. In an-
other study, infants with sPDA complicated by sepsis were less
likely to achieve ductus closure following treatment with
ibuprofen compared with infants with sPDA and no evidence
of sepsis (18). Multiple investigators also report that chorio-
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1.  Inflammation in neonatal sepsis causes smooth muscle relaxation 
 
2.  Aminoglycoside induces vaso-relaxation and inhibition of oxygen-induced 

DA constriction (GA dependent) 



Conclusions 

“Neonatologists should be honest with families about the 
unknowns of PDA treatment and adopt a culture of 
research that will support development and labeling of 
new precision therapeutics for PDA.” 

Weisz et al. Semin Fetal Neonatal Med. 2018;23:255-266 
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