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The patent ductus arteriosus (PDA) is the most commonly found cardiac condition in

neonates. While there have been several studies and thousands of publications on

the topic, the decision to treat the PDA is still strongly debated among cardiologists,

surgeons, and neonatologists. This is in part due to the shortage of long-term benefits

with the interventions studied. Practice variations still exist within sub-specialties and

centers. This article briefly summarizes the history, embryology and histology of the

PDA. It also succinctly discusses the hemodynamic significance of a PDA which builds

the framework to review all the available literature on PDA closure in premature infants,

though not a paradigm shift just yet; it introduces transcatheter PDA closure (TCPC) as

a possible armament to the clinician for this age-old problem.

Keywords: PDA, prematurity and low birth weight, transcatheter ductus closure, patent ductus arteriosus

(patent arterial duct), surgical ligation of patent ductus arteriosus

INTRODUCTION

The patent ductus arteriosus (PDA) is the most common cardiac condition affecting neonates (1).
While there has been several studies and thousands of publications on the topic, the decision to
treat the PDA is still strongly debated among cardiologists, surgeons, and neonatologists (2–4).

Numerous studies have found an association with untreated PDAs and significant neonatal
morbidities (5–7). When left untreated, the PDA and resulting left-to-right shunt can compromise
systemic perfusion. Determining the volume of the shunt is a crucial step in deciding the
course of action for premature infants with a PDA. Physicians use their clinical assessment,
echocardiography, and indicators of systemic hypoperfusion or pulmonary over-circulation in
order to quantify the shunt but this process has not been standardized (8, 9) and thus varies across
institutions.While increasedmorbidity is associated with PDA, the management options have been
linked to adverse outcomes (10–12); which leads to debate over whether or not to treat the PDA (2).
Furthermore, if and when a PDA needs to be treated, how do we treat it? (13) This chapter intends
to outline the current literature about the embryology, pathophysiology, and treatment approaches
for the PDA in the premature infant in 2020.

HISTORY

The PDA was the first congenital heart lesion that was surgically repaired. This was performed by
Dr. Robert Gross in 1938 (14). In the Second century, Galen was one of the first to describe a notion
of blood traveling between the heart and the lungs. This concept was later developed into a complete
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anatomical and physiologic description of PDA many centuries
later. In 1989, Krichenko et al. (15) angiographically classified
the PDA based on the ductal lumen at the aortic and pulmonary
ends. Closure of the PDA in a premature neonate with respiratory
distress syndrome (RDS) was first detailed by Dr. ML Powell in
1963 (16). With the increasing survival of preterm neonates, the
consequent increase in PDA closures in preterm infants and the
special morphologic characteristics of the preterm ductus, the
PDA was reclassified in 2016 to aid with the choice of device used
for transcatheter device closure in this population (17).

EMBRYOLOGY

At the early embryonic stage, the ductus arteriosus (DA) is
present on the right and left sides but the right atrophies between
37 and 40 days of embryonic gestation (18). The DA is created
from the same embryonic structure that makes the pulmonary
artery: the left 6th aortic arch. The DA attaches to the inner
curve of the arch, distal to the left subclavian artery. There is
a high resistance within the pulmonary vasculature (19) during
development of the fetal lungs. Due to this degree of resistance,
blood travels from the left pulmonary artery, through the DA,
and into the descending aorta which preserves right ventricular
function (20). If the DA were to close prematurely in utero, the
right ventricular afterload increases and the fetus is at risk to
develop right heart failure and fetal hydrops (21).

HISTOLOGY

Histologically, the walls of the DA are mainly muscular in
contrast to the walls of the adjacent aorta and pulmonary artery,
which are fibro-elastic (22). The DA is comprised of smooth
muscle fibers which are arranged in longitudinal and spiral
layers and surrounded by concentric layers of elastic tissue. The
great arteries are composed primarily of elastic fibers arranged
circumferentially. After birth, the medial smooth muscle fibers
contract in response to the exposure to oxygen-rich ambient
air (23). This leads to constriction of the lumen and shortening
of the DA length which begins at the pulmonary end until
there is functional closure between 24 and 48 h. The second
stage of closure involves proliferation of the medial and intimal
connective tissue and smooth muscle atrophy which leads to
the conversion of a muscular vessel into a ligamentous non-
contractile structure, the ligamentum arteriosum over the next
3 weeks (24). Vascular endothelial growth factor (VEGF) has
been thought to be involved in DA closure. However, VEGF
polymorphism rs2010963 status has not been shown to affect
PDA incidence or successful treatment with cyclooxygenase
inhibitors in preterm infants (25).

PHYSIOLOGY

The predominant cardiac output in fetal life bypasses the lungs
via right to left shunting at the DA. This is possible due to the
low systemic vascular resistance from the placenta and the high
pulmonary vascular resistance in the lungs. Systemic vascular

resistance is increased after birth when the cord is clamped (26).
In addition, due to ventilation, the pulmonary vascular resistance
is decreased and pulmonary blood flow is increased. This causes
blood to shunt left to right through the DA. In term infants,
predominant left to right shunting occurs within 10min and is
entirely left to right within 24 h of life (27).

PDA IN THE PREMATURE NEONATE

The incidence of PDA is inversely related to the gestational age.
It remains open at 4 days of age in 10% of neonates born at
30–37 weeks, 80% of those between 25 and 28 weeks gestation
and 90% born <24 weeks gestation (28–31). In these extremely
premature infants, the PDA can persist for weeks, in comparison
to infants born after 28 weeks in which the PDA is more likely
to spontaneously close (32). Failure of closure of the DA in
these infants is more commonly due to issues associated with
prematurity rather than aberrations of the DA itself (33). The
pressure gradient between the aorta and pulmonary artery (PA)
as well as the size and resistance of the DA determine the
hemodynamic effects of the PDA. The vessel’s length, internal
diameter, and intrinsic elastance properties define the resistance
within the DA (34). Whereas, a small PDA may be left untreated
without complications, a large PDA left open long-term can
lead to pulmonary hypertension (19, 35). The role of platelet
function in the spontaneous PDA closure in the preterm infant
has been studied (36, 37). Lower counts of mature platelets are an
independent predictor of a hsPDA (38).

The shunting of blood from left-to-right via the PDA causes
pulmonary over-circulation and left-sided volume overload in
the heart. This increase in pulmonary blood flow can affect the
maturation of the pulmonary vasculature in a premature infant
(33). It can result in pulmonary edema, reduced lung compliance,
and ineffective gas exchange. This, in turn, leads to increased
ventilator settings, which can cause parenchymal lung damage
in the neonate (39). It has been suggested that PDA closure
within the first 4 weeks of life may allow for faster weaning of
oxygen and ventilatory support in extremely low birth weight
(ELBW) infants (birth weight ≤1,000 g) (40); however, further
investigation is needed.

With severe volume overload in the left heart, the end-
diastolic pressure of the left atrium and ventricle can be elevated.
The left ventricular myocardium undergoes remodeling to a
larger and more spherical shape (41). The larger the left-
to-right shunt, the more association with risk of necrotizing
enterocolitis, intraventricular hemorrhage, acute kidney injury
and death (7, 42, 43). Very low birth weight preterm infant
survivors of pulmonary hemorrhage were associated with a PDA
(79%) in comparison to their controls (55%) (44). Although,
this mechanism is not completely understood. One widely
accepted theory is that the shunting through the PDA results in
lower systemic diastolic pressure and thus threatens end-organ
perfusion. Others blame the morbidities of PDA on reperfusion
injury suggesting that the left ventricle becomes more compliant
overtime and thus increases its cardiac output. The reperfusion

Frontiers in Pediatrics | www.frontiersin.org 2 February 2021 | Volume 8 | Article 590578

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Parkerson et al. PDA Management in Premature Infants

that occurs after a phase of hypoperfusion is thought to be the
culprit of the end-organ damage in the premature neonate (45).

There is still widespread discordance about best management
of a PDA and the timing in which to apply said management
(4, 46, 47). A survey in 2018 found many disparities between
neonatologists and cardiologists concerning the management
of PDA in neonates (2). Most cardiologists believe that PDA
closure alters the clinical outcomes in infants born <28 weeks’
gestation, while almost half neonatologists surveyed disagree
with this statement (2). There is currently not enough evidence
to determine whether systemic complications associated with
hemodynamically significant PDA in ELBW infants is due to the
PDA or simply the result of prematurity (48).

DEFINING A HEMODYNAMICALLY
SIGNIFICANT PDA

There is a larger body of epidemiological data that reveals
an association between a PDA and multiple morbidities
including intraventricular hemorrhage (IVH), necrotizing
enterocolitis (NEC), retinopathy of prematurity (ROP), and
bronchopulmonary dysplasia (BPD) (5, 49, 50). However,
significant differences have not been demonstrated in
randomized trials of PDA closure. Prior to the twenty-
first century, almost all PDAs were arbitrarily deemed
hemodynamically significant and physicians aimed to close
them soon after birth (51). That approach is no longer favored,
and the majority of physicians prefer to watch and wait (46).
The lack of quantifiable improvement in outcomes after PDA
closure likely influenced this practice change. The outcomes
without noticeable improvement after PDA closure include
BPD, NEC, IVH, ROP, periventricular leukomalacia, long-term
neurodevelopmental status, and death (52, 53).

Echocardiography has been examined in multiple studies
as an objective measure of a hemodynamically significant
PDA (hsPDA) (49, 54, 55). The echocardiographic parameters
used in determining if a PDA is hemodynamically significant
include the transductal diameter, evidence of left-sided volume
overload, quantification of ductal shunting, and magnitude
of pulmonary overcirculation (56). The transductal diameter
and the flow pattern (low velocity flow) are used to quantify
the shunt size as seen in Figure 1A (57). Indices of left-
sided volume overload and pulmonary over-circulation are
closely related and thus use many of the same indices
for evaluation as seen in Figure 2. Albeit dated, one of
the most used measurements to determine is a PDA is
hemodynamically significant is the ratio of the left atrium
diameter (LA) to the aortic root diameter (Ao) by M-mode
echocardiography. If the LA:Ao ratio is >1.4, there is likely left-
sided volume overload secondary to increased blood return from
the lungs. Another important echocardiographic measurement
includes reversal of flow in diastole in the abdominal aorta
suggestive of a substantial shunt [i.e., evidence of systemic steal
(Figure 3)]. Individually, these indices are not specific to a
PDA but when presenting together in a premature infant with
RDS, it is reasonable to believe there is a hemodynamically

FIGURE 1 | (A) Transthoracic Echocardiogram (parasternal short axis image

with color Doppler) demonstrating the relative size of the patent ductus

arteriosus (PDA) in comparison to the left pulmonary artery (LPA) and right

pulmonary artery (RPA). (B) Post-transcatheter PDA closure.

FIGURE 2 | Transthoracic Apical 4-chamber view showing left atrial and

ventricular dilation suggestive of a hemodynamically significant PDA.

significant PDA present. Although there are numerous suggested
protocols for assessment of a hsPDA (49, 50, 58–61), there
is no validated protocol that confirms the echocardiographic
information with real-time hemodynamic information from
cardiac catheterization.

Echocardiography can also be useful as a predictive measure
of whether a PDAwill become hemodynamically significant. One
study found that the ductal anatomy during the first 12 h of
life, specifically a ductal length <5.2mm, was predictive of a
hsPDA by 72 h of life with a sensitivity of 83% and a specificity
of 86% (62).

Frontiers in Pediatrics | www.frontiersin.org 3 February 2021 | Volume 8 | Article 590578

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Parkerson et al. PDA Management in Premature Infants

FIGURE 3 | Abdominal Aorta Doppler pattern showing diastolic flow reversal indicative of a hemodynamically significant PDA.

Multiple publications have investigated serum biochemical
markers as indicators of a hsPDA both independently and
with echocardiography. These markers include B-type natriuretic
peptide (BNP), amino-terminal pro-B-type natriuretic peptide
(NT-proBNP), and cardiac Troponin T (cTnT) (63, 64). There
are also urinary markers such as Neutrophil gelatinase-associated
lipocalin and heart-type fatty acid binding protein that have been
used to predict ductal closure timing (65). While locally certified
BNP or NT-proBNP assays can be useful to trend for appraisal
of response to therapy, the variability of assays across institutions
prevents universal assertions about their utilization (56). A study
of premature neonates did find a correlation between the cTnT
levels and the ductal diameter, LA:Ao ratio and descending aortic
end-diastolic velocity (57). In addition, these biomarkers may
help clinicians determine the effect of their treatments on infants’
cardiac function. For example, one study found that even 2 weeks
after treatment with oral ibuprofen, urinary NT-proBNP was still
elevated, suggesting that there is still an effect on cardiac function
even when the infant is clinically stable post-treatment (66).

Clinical judgment can be another useful resource in the
decision to treat a PDA. One study found that presence
or absence of certain clinical symptoms was appropriate for
determining treatment of PDA and may prevent unnecessary
medical treatments in this vulnerable population (67). Alone,
echocardiographic indices and serum biochemical markers
cannot reliably determine if a PDA is hemodynamically

significant. However, when used in combination with clinical
data, practitioners canmake that determination on a case-by-case
basis (9).

PROPHYLACTIC CLOSURE OF PDA

Though the presence of a moderate to large PDA has been
associated with morbidity, as demonstrated in over 60 controlled
trials, the lack of any decrease in morbidity and mortality
with ductal closure has questioned the utility of prophylactic
PDA closure in premature infants (68, 69). There are four
possible explanations as described by McNamara for the lack
of proven clinical benefit after ductal closure (70). First,
the “hemodynamically significant” PDA has no true causal
relationship with adverse outcomes. Second, the conclusions
of many studies are unreliable due to the variable definition
of “hemodynamically significant” and therefore results have
been diluted by “hemodynamically non-significant” PDAs. Third,
frequent cross-over between placebo and treatment groups
may have obscured any visible benefits. Fourth, there is a
causal relationship between the hsPDA and adverse outcomes
but closure alone will not fully ameliorate the morbidities or
mortalities. The multiple confounding factors that coexist may
explain why the trials of prophylactic closure have shown only
some reduction in various morbidities (52, 71).
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Prophylactic medical closure of the PDA before the PDA
becomes “hemodynamically significant” has been shown to
reduce the incidence of severe IVH and the need for surgical
ligation however it has not been shown to reduce BPD, NEC,
or improve long-term neurodevelopmental outcomes (72). It
is unclear why the decreased incidence of severe IVH has
not translated into enhanced neurodevelopmental outcomes
in the long-term. The Ment-trial in 1994 showed favorable
neurodevelopment outcomes in 4.5 and 8-years old children
who were treated with Indomethacin prophylaxis (73). However,
the PDA-TOLERATE trial found medical treatment after the
1st week of life was not associated with reduced PDA ligations
or PDAs present at discharge in infants born before 28 weeks
gestation (74). In addition, the infants born between 26 and
28 weeks gestation had increased rates of late-onset sepsis and
death when exposed to early medical treatment suggesting that
early medical treatment is not without long-term negative effects
(74). This has led many neonatologists to adopt a conservative
approach, which compared to medical treatment, has resulted
in similar rates of NEC, IVH, and ROP (75). In one study,
premature infants who did not get treatment for their PDA had
lower rates of mortality than the infants who received medical
treatment (75). Spontaneous closure of PDAs and the need for
rescue treatment for those in the conservative treatment group
make it difficult to fully evaluate the morbidities associated with
conservative treatment (76).

Prophylactic surgical ligation of PDA was a common practice
before medical therapy was widely available. In 1989, Cassady
published the first randomized controlled trial of prophylactic
surgical ligation and found a significant reduction in rate of
NEC but no reduction in mortality, severe IVH, BPD, or ROP
(77). Due to the significant morbidities associated with surgical
ligation, prophylactic surgical ligation is no longer an accepted
practice (78, 79).

MEDICAL CLOSURE OF A
HEMODYNAMICALLY SIGNIFICANT PDA

Both indomethacin and ibuprofen are accepted by the US
Food and Drug Administration (FDA) for closing a PDA (80,
81). These drugs prevent the transition of arachidonic acid
to prostaglandin by inhibiting the cyclooxygenase site of the
prostaglandin synthase enzyme, thus causing constriction of the
PDA. Ibuprofen can be as successful as indomethacin for closure
of the PDA. In addition, ibuprofen offers a lower risk of NEC
and acute kidney injury (82). The long-term benefits of using
ibuprofen compared to indomethacin has not been extensively
studied and thus the data is not currently available.

Ibuprofen is given in three doses 24 h apart. The standard
dosing is 10 mg/kg for the first dose and half (5 mg/kg) for
the second and third doses (83). However, new research has
found a higher closure rate when the ibuprofen dose is doubled
(54.8% closure compared to 30.6%) (84, 85). Mitra published a
meta-analysis in 2018 which also observed a higher probability
of PDA closure and no increase in adverse outcomes when
the dose was doubled (86). Another RCT using early oral

ibuprofen prophylaxis showed reduced rates of hsPDA albeit not
statistically significant and with a high prevalence of adverse
events (intestinal perforation and kidney injury) (87). This is
further support by a study that found lower serum ibuprofen
levels in premature infants whose hsPDA did not close after
3-dose treatment; specifically, the trough after the first dose
was significantly lower compared to the group of infants whose
hsPDA did close after 3-dose treatment (88).

The preferred route of ibuprofen administration has just been
clarified by recent studies. A Cochrane review in 2015 observed
that ibuprofen administered intravenously was less effective at
PDA closure than ibuprofen administered orally (RR 0.37; 95%
CI 0.23–0.61) (65). This was also seen in a large network meta-
analysis (74). Pacifici suggested that the slower absorption and
prolonged half-life with oral administration offered more time
for the drug to interact with the PDA and thus made it more
effective (89). However, a study of ELBW infants found that
those infants who received oral ibuprofen for PDA closure
had a higher rate of PDA reopening compared to those who
received IV ibuprofen (90). In terms of safety, evidence supports
that oral ibuprofen is as safe as IV ibuprofen in very low
birth weight infants (91). Furthermore, one study observed
that neurodevelopmental outcomes in premature infants who
received oral ibuprofen vs. IV ibuprofen for PDA closure were
not significantly different (92). Ibuprofen has been associated
with higher risk of NEC, spontaneous intestinal perforation,
and acute kidney injury (81) In addition, decreased blood flow
to the kidneys, mesentery, and brain was revealed through
near infrared spectroscopy (NIRS) and Doppler ultrasonography
after indomethacin/ibuprofen was given for PDA closure (93–
97). Consequently, withholding enteral feedings has become
more popular when administering indomethacin/ibuprofen to
premature infants in order to reduce the adverse gastrointestinal
outcomes. However, some studies have investigated this and did
not find a disparity in enteral feeding tolerance or harmful events
involving the gastrointestinal tract when infants were given
smaller volume enteral feeds during indomethacin/ibuprofen
therapy (98, 99).

Recently, acetaminophen has been suggested as a substitute
for indomethacin and ibuprofen. The US FDA has not approved
the use of acetaminophen in neonates to close the PDA.
The mechanism of acetaminophen is not completely known,
but it is thought to inhibit the peroxidase section of the
prostaglandin synthase enzyme causing narrowing of the PDA
(100). Oral acetaminophen has not been extensively studied
like the cyclooxygenase inhibitors, but was thought to be
as successful as oral ibuprofen in closing a PDA (101). In
addition, the incidence of renal insufficiency was reduced with
oral acetaminophen administration compared to high dose oral
ibuprofen (102). As seen with ibuprofen, one study found a lower
serum acetaminophen level in premature infants whose PDA did
not close after a 3-days course of acetaminophen (103). With
potential for effective closure of the PDA and reduced adverse
events (104), acetaminophen has become an appealing alternative
to cyclooxygenase inhibitors (105), especially in infants with
other morbidities easily aggravated by indomethacin/ibuprofen
(106). However, a recent multicenter randomized control trial
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evaluating the effectiveness of IV acetaminophen over IV
indomethacin in infants <32 weeks gestation with a birthweight
≤1,500 gms with a hemodynamically significant PDA by
echocardiogram showed reduced effectiveness (5.9 vs. 55%
closure rate) (107). In addition, a RCT evaluating the impacts
of paracetamol compared to ibuprofen on neurodevelopment
outcomes at 18–24 months corrected gestational age showed
no significant difference (108). A single center trial of 12
infants evaluating the role of combined (paracetamol and
ibuprofen) therapy to monotherapy-resistant hsPDA showed a
75% success rate (109). However, in a single center double-
blinded randomized controlled pilot study, there was no benefit
observed with adding IV paracetamol to IV ibuprofen for the
treatment of hsPDA (110).

SURGICAL CLOSURE OF A
HEMODYNAMICALLY SIGNIFICANT PDA

The first RCT evaluating surgical ligation vs. conservative
“standard” medical care was done by Cotton and colleagues
who tested ventilated VLBW neonates at 8–10 days of life.
Albeit small, the study showed that routine early surgical
ligations led to earlier extubations and a lower hospital bill
(111). Unfortunately, surgical ligation has frequently been linked
to increased morbidities including BPD, ROP, and long-term
neurodevelopmental impairment (10, 112–116). The TIPP trial
(trial of indomethacin prophylaxis in preterm infants) also
corroborated that patients who underwent surgical ligation
had more BPD, severe ROP, and 18–22 months neurosensory
deficiency in comparison to patients who had medical therapy
alone (72).

However, there are many confounding variables linked
to surgical ligation that complicate the reasons for
neurodevelopmental deficiency. It is unclear whether the
outcomes are purely cause-and-effect or if surgery is an
indication of clinical severity. With substantial adverse events
depicted after surgical ligation (117–123) and the debate over
whether a PDA even needs to be closed, most neonatologists err
on the side of caution and defer surgical ligation even if medical
management fails (2, 46).

PERCUTANEOUS CLOSURE OF
HEMODYNAMICALLY SIGNIFICANT PDA

Transcatheter PDA closure (TCPC) has come to be the treatment
of choice in adults and children (20). However, there is still
hesitation with patient selection and timing of procedure due to
opposing results on the safety of TCPC during infancy (124).
The largest meta-analysis to date assessing infants undergoing
percutaneous closure of their PDA was published by Backes
in 2017. In 635 procedures within 38 studies, 92.2% were
successful closures and the rate of adverse events was 23.3%, with
only 10.1% being “clinically significant (125).” In 2016, Zahn
evaluated TCPC in the extremely premature population, which
included 24 infants with a mean weight of 1,249 grams. His
successful closure rate was 88% and his adverse event rate was

12.5%. At follow up (median time of 11 months), all 24 patients
were alive and did not have residual PDA, LPA stenosis, or aortic
coarctation (126). At our institution, TCPC in premature infants
had a significantly lower complication rate compared to surgical
ligation (3.3 vs. 25.7%) (127, 128). We have currently performed
TCPC on 108 infants weighing <1,000 grams at our institution.
The complications in the 241 infants weighing between 500 and
2,000 grams at the time of the TCPC at our institute included:
coarctation of the aorta (2), pericardial effusion needing drainage
(2), tricuspid valve injury (1), one procedure related mortality
early in the experience, device embolization and retrieval (1) and
left pulmonary artery stenosis requiring device retrieval (1). In
contrast, the surgical group (n= 167) had two procedure related
mortalities, wound dehiscence (2), residual PDA requiring
re-intervention (4), Pneumothorax (3), Sepsis/pneumonia (4),
left ventricular wall motion abnormality needing digoxin at
discharge (1), worsening respiratory status (2), and post-ligation
syndrome (25).

While percutaneous PDA closure can be done at bedside
using echocardiography and portable fluoroscopy, transporting
the premature infant to the catheterization lab may be necessary.
This transport requires thorough coordination since ELBW
infants often require temperature and ventilatory regulation
(129). In addition, there are some procedural alterations that can
be made to better accommodate the premature infant during
percutaneous PDA closure.

Since limb ischemia has been associated with accessing small
diameter arteries in ELBW infants, the procedure is performed
from a venous access only (130, 131). Femoral vessel nomograms
allow for pre-procedure planning in certain settings but they may
not include premature infants in the data set so it may be safest to
avoid arterial access in premature infants (132). Reducing overall
procedure time is especially important in premature infants and
can be done by minimizing intracardiac catheter manipulation,
contrast dosing, and unnecessary hemodynamic measurements
(133, 134). Equally important is ensuring optimal device
placement prior to device deployment (135). Without having
arterial access, aortography is not possible so a transthoracic
echocardiogram (TTE) should be used for evaluation of device
placement as seen in Figure 1B (135). If a different device size
is required due to inadequate placement or residual shunting,
the initial device can be retrieved via catheter and a new device
placed all within the same procedure setting (136). The risks
associated with percutaneous PDA closure, while low even in
ELBW infants, include device embolization, cardiac perforation,
aortic coarctation, and LPA obstruction (125).

Currently, there are a number of PDA closure devices
available for infants and children >5 kg. However, the DA
morphology differs in ELBW infants in that it is long and
tortuous (17) compared to older infants and children, which
can compromise the effectiveness of these devices in ELBW
infants (137). Recently, a new device was FDA approved for PDA
closure in infants ≥ 700 g (138). The success rate with this new
device was 95.5% (191/200) in all patients and 99% (99/100) in
patients ≤ 2 kilograms. Of implanted patients, 99.4% reached
the primary effectiveness endpoint. A primary safety endpoint
event was reached in four patients (two transfusions, one
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hemolysis, and one aortic obstruction). No branch pulmonary
artery obstructions were observed. Worsening of tricuspid
regurgitation (TR) was found in five patients after the procedure.
This study clearly showed safety and efficacy of TCPC even
though it was restricted to 10 centers. It adds to the armament
of the neonatologist in the early treatment of PDAs in premature
infants andmay encourage further investigation on the outcomes
of early PDA closure in this population (138).

With growing experience, we have found that early PDA
closure may afford better overall clinical outcomes in ELBW
infants. In the past, early surgical ligation of the PDA did not
demonstrate any benefit. However, unlike surgical ligation, TCPC
involves no cutting or stitching to the infants’ chest, there is no
handling of the premature lungs and no inflammatory surge.
Therefore, TCPCmay be overall beneficial. It is similar to surgical
ligation in that it affords immediate, definitive closure of the
PDA unlike medical therapy, which is not 100% effective and
requires a long time period to work. While TCPC is a technically
feasible and safe therapeutic option, the lack of comparative
trials and widespread operator experience, prevents it from being
the current standard of care. Since ELBW infants who have
undergone TCPC usually have multiple co-morbidities and are
at high risk for hospital readmission during their 1st year of life,
it is important to have a multidisciplinary follow-up visit after
initial discharge to monitor their progress (139, 140). However,
given the concerns of surgical ligation during infancy (52–55,
117–123), TCPC represents a potentially attractive alternative
especially when medical therapy has failed.

POST-LIGATION SYNDROME

Substantial hemodynamic changes take place after ligation of
PDA and they have only recently started being explored in a
scientific manner. A sudden increase in afterload and a decrease
in left ventricular (LV) preload occurs following ligation, putting
the neonate at high risk for decreased cardiac output. In fact,
decreased LV output has been reported in up to 50% of premature
neonates after PDA ligation (141). This cardiac deterioration is
termed post-ligation syndrome and can occur relatively quickly.
Signs of a low cardiac output state include hypotension, increased

metabolic acidosis and respiratory failure (142, 143). Studies have
found a significantly lower incidence of post-ligation syndrome
in ELBW infants who underwent transcatheter PDA closure
compared to surgical ligation (144–146). Jain demonstrated that
prophylactic milrinone administration reduced the incidence of
post-ligation syndrome from 44 to 11% in high-risk patients
(147). In addition, calcium chloride administration following
transcatheter PDA closure can also reduce the incidence of post-
ligation syndrome in ELBW infants (148).

CONCLUSION

Management of the PDA continues to be an elusive challenge
for neonatologists and pediatric cardiologists despite it being the
most common cardiac condition affecting premature neonates.
After 50 years of scientific investigation yielding thousands of
publications, there is still no agreement on the definition of
a hemodynamically significant PDA and how best to treat it.
However, many clinical lessons have been brought to light and
cannot be ignored. We know that routine PDA closure soon after
birth does not diminish the morbidities associated with a PDA.
In addition, surgical ligation has been associated repeatedly with
higher occurrence of BDP, ROP, and poorer neurodevelopmental
outcomes. When medically treating the PDA, we have realized
several medications which have had positive results, some with
more adverse side effects than others. With the introduction
of percutaneous PDA closure, we have the potential to be less
invasive; however, as in most treatment modalities, the risks
remain. Pharmacogenetics appears to be the next frontier as we
contemplate the continued questions of who needs intervention
for their hsPDA and how best to achieve this while minimizing
the morbidity and mortality, specifically in premature infant
population. With continued exploration, we continue to adapt
our theories about the persistent ductus arteriosus and its effects.
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