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The Ductus Arteriosus: A Refined Approach!
Arvind Sehgal, MD, MRCP, FRACP,*,† and Patrick J. McNamara, MB, MSc, MRCP,
MRCPCH‡,§,¶

Although ongoing patency of the ductus arteriosus is common in small extremely preterm
infants, consensus is lacking regarding its clinical significance and treatment strategies.
Literature regarding likelihood of spontaneous closure, impact on neonatal morbidity and
long-term outcomes, and adverse effects of intervention has led to uncertainty as to the
best course of action. Enhancing the determination of hemodynamic significance and
refining patient selection for therapeutic intervention will streamline the decision-making
process. Targeted neonatal echocardiography performed by the clinician has gained pop-
ularity worldwide, and preliminary data show that it has the potential to optimize patient
outcomes. We review the arguments for and against medical and surgical therapy, explore
how targeted neonatal echocardiography used in conjunction with biomarkers may refine
the treatment approach, and consider future directions in the field.
Semin Perinatol 36:105-113 © 2012 Elsevier Inc. All rights reserved.
KEYWORDS patent ductus arteriosus

d
a
v
i
m
c
a
c
d
n
o
t
w
d
a
n
a
r
o
a
e
t
a

i
u
s
c

Defining the Problem
Patent ductus arteriosus (PDA) remains one of the most com-
mon cardiovascular problems in preterm neonates, occurring
in about 1/3 infants �30 weeks’ gestation and up to 60% of
infants �28 weeks.1 Treatment is also common, but ap-

roaches are highly variable. Indomethacin is used for ther-
peutic closure of PDA in up to 80% of all diagnosed very
ow–birth-weight (VLBW) infants. In a recent analysis in-
olving infants �32 weeks’ gestation over a period of 13
ears, 88% (2192 of 2506) were administered indomethacin
or medical closure of a PDA.2 The goal of PDA treatment is to
revent short-term and long-term sequelae secondary to a
igh-volume ductal shunt. The intent is to prevent respira-
ory decompensation, heart failure, intraventricular hemor-
hage (IVH), chronic lung disease (CLD), necrotizing entero-
olitis (NEC), and death. The clinician is faced with the
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ilemma of balancing the competing risks of duct-attribut-
ble morbidity and the complications of therapeutic inter-
ention. It is unlikely that the optimal time of therapeutic
ntervention may be predicted by postnatal age, as the deter-

inants of a hemodynamically significant ductal shunt in-
lude transductal resistance and physiological modifiers. The
ssignment of hemodynamic significance to a PDA remains a
hallenge for neonatal intensivists. The inability to accurately
ifferentiate the pathological ductus arteriosus from the in-
ocent ductus arteriosus may contribute, in part, to the lack
f scientific evidence of benefit or causality. The consequen-
ial impact is medical uncertainty and ongoing debate as to
hen treatment should be provided, if ever. The essence of the
ebate relates to the challenge of defining who needs treatment
nd, if indicated, when intervention is most effective. The
ature of the confusion is thought to relate to limitations
nd/or delays in appraisal of ductal significance. This article
eviews current literature about the rationale for withholding
r initiating treatment; addresses the triad of PDA, indometh-
cin, and NEC; explores refinement of strategy based on dis-
ase stratification and newer biochemical markers; addresses
he role of targeted neonatal echocardiography (TnECHO);
nd proposes future directions of research.

The nature of the clinical consequences of a hemodynam-
cally significant ductus arteriosus (HSDA) relate to the vol-
me of the shunt and the ability of the pulmonary and/or
ystemic circulations to compensate for these changes. The
urrent approach to diagnosis and management is highly

ariable with conflicting interpretation of the same literature.
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106 A. Sehgal and P.J. McNamara
Several authors3,4 have highlighted that trials of nonsteroidal
anti-inflammatory drugs (NSAIDs) have not led to any de-
tectable reduction in neonatal morbidities; hence, treatment
may not be indicated. The lack of benefit may relate to the
lack of standardization of diagnosis of hemodynamic signif-
icance, variability in timing of intervention and specific ther-
apeutic regime, and failure of consideration of comorbidities.
The latter is particularly relevant, as the pathogenesis of co-
morbidities, such as NEC or BPD, likely evolves over many
days and weeks with multiple contributors, questioning their
suitability as an end point of interest for treatment trials. The
most relevant question now is “has the right type of trial been
conducted?” Trials to date have focused on the time, method,
and duration of intervention but not on the degree or mag-
nitude of hemodynamic significance. The traditional barom-
eter by which ductal significance has been adjudicated is
transductal diameter, which may not imply hemodynamic
significance in some situations. The question remains
whether the physiological benefit to an individual translates
into improved long-term outcome and an epidemiologic
benefit to society. The reduction in early complications (1-3
postnatal days), such as pulmonary hemorrhage and IVH,
after prophylactic indomethacin suggests there may be a sub-
population that benefits from PDA closure.5,6 However, these
rials failed to show long-term beneficial effects.

In summary, the inability to accurately differentiate the
athological/symptomatic PDA from the innocent ductus ar-
eriosus may contribute, in part, to the lack of scientific evi-
ence of benefit or causality. Mere patency may not be
nough to assign pathological significance. The lack of evi-
ence supporting causality,7,8 failure of medical treatment in
ome cases,9 the inherent risks of medical or surgical treat-

ment options,10,11 and a high spontaneous closure rate has
added to the equipoise. The quest to resolve this medical
conundrum is likely to require revisitation of all evidence to
date, reconsideration of what constitutes hemodynamic sig-
nificance, and enhanced selection of candidates for therapeu-
tic intervention in prospective randomized controlled trials
(RCTs).

Arguments Against Treatment
The use of indomethacin to induce medical closure of ductus
arteriosus was first described in 1976,12,13 and since then, it

as been the first line of therapy to assist with ductal closure.
he arguments against treatment include adverse conse-
uences of NSAIDs and surgical intervention, relatively high

ncidence of spontaneous closure, failure of prophylactic in-
omethacin to improve neurodevelopmental outcome, and

ack of substantial evidence of benefit of treatment of PDA
rom RCTs. Systemic side effects of NSAIDs are well recog-
ized, as they constrict not only the ductus arteriosus but also
he arteries that supply blood to the heart, brain, kidneys,
nd gut. Indomethacin exposure has been implicated as one
f the risk factors for neonatal gut injury in VLBW in-
ants.13-16 Sharma et al recently published a detailed analysis
ddressing the association between NEC, isolated intestinal

erforation (IIP), and indomethacin. Any postnatal indo- “
ethacin exposure increased the odds of IIP (odds ratio
OR]: 4.17, confidence interval [CI]: 1.24-14.08, P � 0.02)
ut decreased the odds of NEC (OR: 0.65, CI: 0.43-0.97, P �
.04). The prevalence of NEC for indomethacin-exposed in-
ants was 9.9% (CI: 7.71-12.38) compared with a prevalence
f 14.6% (CI: 10.89-18.88) among unexposed infants.
ence, the relative risk of NEC among infants exposed to

ndomethacin compared with unexposed infants was 0.67
CI: 0.48-0.96). Thus, any exposure to indomethacin was
ssociated with decreased prevalence of NEC. There was a
egative association between the timing of indomethacin ex-
osure and the odds of developing IIP (OR: 0.30, CI: 0.11-
.83, P � 0.02). Compared with NEC, IIP occurred at an
arlier age (P � 0.05) and was more common (P � 0.05)

among infants who received early indomethacin (first dose at
�12 hours of age) to prevent IVH than among infants who
were treated with late indomethacin for closure of a PDA.17

Recently, our group demonstrated a transient decrease in
coronary flow when indomethacin was given to premature
neonates for medical closure of a symptomatic PDA.18 Sup-

ort for the biological relevance of these findings comes from
vidence of ST segment depression on the electrocardiograph
nd elevated plasma troponin of premature infants with
SDA, although the latter did fall after PDA closure.19 Tran-

sient, but reversible alterations in cerebral perfusion20 during
indomethacin administration have been shown. Finally, al-
though renal impairment during medical treatment is en-
tirely reversible, changes in renal artery flow may occur.21,22

These changes, although biologically important, do not pro-
vide a compelling case for complete avoidance of medical
intervention. Although prophylactic use of NSAIDs reduces
the incidence of PDA, spontaneous closure by day 3-7 occurs
in more than 44% of the neonates born at a GA of �32
weeks.23 Van Overmeire reported a spontaneous closure rate
f 80% by 7 days in moderately sick infants of 26-31 weeks’
estation.24 For each week above 23 weeks, odds of sponta-
eous closure increase by 1.5.25 In the placebo arm of the

prophylactic NSAID trials, about 50% of the very preterm
infants closed their ductus spontaneously or never developed
evidence of a hemodynamically significant PDA.26-28 These

ata suggest there are, at least, some patients who are unnec-
ssarily exposed to the adverse effects of therapeutic inter-
ention. Clinical trials to date have failed to demonstrate a
eaningful long-term advantage of therapeutic intervention

or the ductus arteriosus.4,29 This lack of a perceived benefit
rom ductal closure is highly relevant and warrants careful
onsideration. It may represent a real lack of therapeutic
enefit. On the other hand, it may relate to variability in
iagnosis and therapeutic strategies or the multifactorial na-
ure of the outcome studied. For example, the evidence for
ailure of NSAIDs to decrease the rate of CLD in extremely
ow-birth-weight (ELBW) infants is widely proposed as one
rgument against intervention. The pathogenesis of CLD,
owever, is highly multifactorial, and the current definition
f disease does not take account of the heterogeneity in dis-
ase severity and clinical impact. It is therefore highly un-
ikely that any single therapeutic strategy will prove to be the

magic bullet.”
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The ductus arteriosus: a refined approach! 107
Surgical ligation is associated with an increased risk of
direct complications, such as left vocal cord paralysis,30-32

chylothorax,33 and scoliosis,34 although the latter is an older
tudy and surgical techniques have improved over the past
0 years. It is likely that these risks, directly related to surgical
echnique, may vary between centers according to the vol-
me of procedures performed annually. The association of
DA ligation and adverse neurosensory impairment, from a
ost hoc reanalysis of the trial of prophylactic indomethacin,

s very concerning.35,36 Whether this represents cause-effect
r reflects a clinical association confounded by factors such as
rematurity, comorbidities, or alternative treatments re-
ains unknown. The association between postoperative car-
iovascular instability and PDA ligation has gained recent
ttention, as it may have impact on short- and long-term
utcomes.37-42 A postligation cardiac syndrome has been de-

scribed, characterized by systemic hypotension requiring
cardiotropic support and respiratory failure. These changes
have been shown to relate, at least in part, to impaired myo-
cardial performance secondary to altered cardiac loading
conditions.37,41 It is biologically plausible that sustained ex-
posure to low cardiac output may lead to adverse neurolog-
ical outcome. Recent neurophysiologic studies show evi-
dence of impaired cerebral electrical activity and cerebral
oxygenation during the postoperative period.43,44 Data from

rimate studies also shed important light on this issue. Loe-
iger et al conducted a study to investigate the effect of liga-
ion on short-term brain development.45 Preterm baboons
ere ventilated for 14 days, and on day 6, the ductus arteri-
sus was either ligated or left untreated. Both growth and
evelopmental index scores were decreased in both the un-

igated and ligated groups compared with gestational-age
GA)–matched controls. Preterm baboons, however, exposed
o a PDA for 14 days demonstrated arrested alveolar devel-
pment, characteristic of the “new” BPD.5,46 In the context of
eterogeneity of both the “problem” studied (PDA) and the
outcome” evaluated (CLD), there is a need for stratification
f both when designing studies of both causality and clinical
fficacy. Otherwise, the likelihood of appraising the real im-
act is diluted.

Arguments for Treatment
The main argument forwarded in favor of treatment is the
association between presence of a PDA and common neona-
tal morbidities. To better understand the potential beneficial
effect of therapeutic intervention, the evidence should be
examined from a physiological, epidemiological, and phar-
macological perspective. The likelihood of physiological im-
pact stems from the magnitude of transductal blood flow,
nfluenced not only by ductal diameter but systemic, pulmo-
ary, and their differential resistance. A number of studies
ave demonstrated impaired cerebral blood flow in preterm

nfants with a PDA.21,22 Specifically, Doppler ultrasonogra-
hy studies have shown that the negative effect of PDA on
erebral blood flow mainly affects blood flow during diastole,
s characterized by a decrease in flow velocity and increase in

ulsatility index (PI) or resistance index. These adverse ef-
ects of PDA on cerebral hemodynamics are believed, but not
roven, to have a role in the pathogenesis of IVH.20

Increased left-to-right shunting through a PDA can also
increase the vulnerability of intestinal mucosa to frank isch-
emia.5,46 Studies have consistently shown a reduction in in-
testinal blood flow in the presence of a PDA with reduced
abdominal aorta and superior mesenteric artery (SMA) blood
flow assessed by Doppler ultrasonography.21,47-49 The pro-

osed mechanism is “diastolic steal,” whereby blood flows
rom the mesenteric arteries back into the aorta and through
he PDA, creating an intestinal hypoperfusion state, thus
ompromising the gut diastolic blood flow.50 The PDA re-

duces mesenteric blood perfusion by causing a decrease in
the arterial perfusion pressure.51 Because the mucosa has
high metabolic activity, it receives about 80% of total intes-
tinal blood flow. This makes it more susceptible to critical
reductions in mesenteric and splanchnic blood flow. This
may contribute to the development of NEC. The decrease in
regional intestinal blood flow occurs despite a net increase in
left ventricular output (LVO). Observations in animal exper-
iments support the findings of Doppler studies in humans.51

Epidemiological Evidence
Epidemiological evidence suggests, at least, an association
between the PDA and neonatal morbidity. Indeed, in VLBW
(�1500 g) infants with PDA, epidemiologic data show a 1.9-
fold increase in the odds of developing BPD.52 Although a
ymptomatic duct has a negative effect on cerebral oxygen-
tion in premature infants, it remains unclear whether these
hysiological changes place the infant at increased risk of
eonatal morbidity and/or poor neurodevelopmental out-
omes. The argument for treatment is strengthened by the
act that prophylactic use of indomethacin significantly de-
reases the incidence of IVH. PDA is also an independent risk
actor for the development of NEC in VLBW infants as high-
ighted in the preceding text. Dollberg et al studied more than
000 preterm infants and showed that NEC occurred in 9.4%
f infants with PDA and in 8.9% of infants where PDA was
reated with indomethacin.53 The occurrence of NEC was
ignificantly associated with PDA in infants who were treated
ith indomethacin (OR: 1.53) but was less in those who did not

eceive indomethacin therapy (OR: 1.85). Furthermore,
reatment with indomethacin did not increase this risk after
djustment for prenatal and neonatal variables associated
ith excess risk for developing NEC. Finally, recent evidence

uggests an association between persistent ductal patency
nd increased mortality.54 In a retrospective study of VLBW

infants �29 weeks’ GA, failure of ductal closure was associ-
ated with an increase in mortality after adjustment for the
degree of immaturity, initial disease severity, and morbidities
such as severe IVH, NEC, and sepsis. The mortality was �8
fold in neonates with a persistent PDA than in those with a
closed ductus. The most common cause of death was multi-
organ failure. A previous study also reported a 4-fold increase
in the mortality of preterm infants with a persistent PDA.55

Treatment decisions in neonates with a clinically sus-

pected hemodynamically significant PDA are usually based
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108 A. Sehgal and P.J. McNamara
on pulmonary symptoms, as these are more clinically recog-
nizable (eg, desaturation episodes, increasing ventilation)
compared with the systemic effects of transductal shunt, such
as low cardiac output state or absent/reversed diastolic blood
flow. To date, the only placebo-controlled trial of therapeutic
intervention RCT was the trial by Cassady et al, who random-
ized patients to surgical ligation on day 7 of life, which dem-
onstrated a lower incidence of NEC in the ligation group.56

Although the trial showed no difference in the incidence of
BPD, when BPD was redefined as oxygen requirement at 36
weeks’ postmenstrual age, it was found that the ligation
group had a higher rate of BPD.

The interrelations between PDA, pharmacologic treatment
with prostaglandin inhibitors, and NEC are highly complex.
Despite its proven efficacy, concern about the safety of indo-
methacin, particularly with respect to neonatal intestinal
complications, continues to influence its usage in the neona-
tal intensive care unit.16,57,58 Several large RCTs of prophy-
lactic indomethacin failed to identify any effect of indo-
methacin on NEC.15,59 In addition, a recently published

ulticenter RCT on long-term effects of indomethacin
rophylaxis showed that the incidence of NEC was strik-

ngly similar between treated and untreated infants.26 Other
studies have reported contradicting results.60,61 An increased
risk of NEC and localized intestinal perforation has been
attributed to treatment of PDA with indomethacin.61 It has
been suggested that in situations when the PDA does not
close early, the combined constrictor effect of indomethacin
therapy with negative fluid balance and diuretic therapy may
explain the development of intestinal ischemia and dysfunc-
tion.62 However, several published meta-analyses clearly
how that both prophylactic and symptomatic indomethacin
herapies do not increase the risk for NEC compared with no
reatment or with surgical ligation.29,63,64 Treatment of PDA
hen clinical signs first appear may decrease the incidence of
EC when compared with infants receiving treatment after

igns of congestive cardiac failure appear.63 Hence, early in-
omethacin treatment for PDA closure may be beneficial to
educe the intestinal hypoperfusion associated with the dia-
tolic steal phenomenon. In summary, although indometha-
in independently reduces intestinal blood flow, it appears
hat its net effect on intestinal blood flow when used to treat
hemodynamically significant PDA is beneficial and reduces

he risk of NEC. The ability of indomethacin to modulate
nflammatory mediators in the intestine may be another

echanism whereby it reduces the risk of NEC.

Strategies to
Rationalize Therapy
Variability in clinical efficacy, lack of meaningful impact on
long-term neonatal outcomes, and valid concerns regarding
side effects of cyclooxygenase inhibitors have prompted at-
tempts to rationalize the approach to therapeutic interven-
tion. This may be achieved by enhancing the definition of

hemodynamic significance through using more comprehen-
sive TnECHO, biochemical markers and a system of disease
stratification.

Disease Stratification
The traditional definition of a PDA, which forms the basis of
clinical trials conducted to date, is limited and somewhat
superficial, as it suggests this to be a dichotomous variable
rather than a pathophysiological continuum. The physiolog-
ical and clinical consequences of the ductus arteriosus range
from its adaptive role in normal postnatal transition (impor-
tant role in supporting pulmonary blood flow in the transi-
tioning lung) to a disease state with circulatory instability due
to a high-order-of-magnitude left-to-right shunt. The lack of
a standardized approach in assigning echocardiographic sig-
nificance is a major barrier toward better understanding the
clinical impact of the ductus arteriosus. A transductal diam-
eter of �1.5 mm has been proposed as significant on the
basis that at this cut-off, end-organ hypoperfusion oc-
curs.65,66 However, multiple factors, such as patient size, ges-
ational and chronologic age, and clinical symptomatology,
ay account for variability in the decision making. RCTs
ave failed to consider the magnitude of the ductal shunt in
ssessing the efficacy of therapeutic intervention on neonatal
orbidities. This is highly relevant as ductal hemodynamics

re influenced not only by ductal size but also by pulmonary
nd systemic vascular resistance and by the compensatory
bility of the immature myocardium. We have recently pro-
osed a staging system to assess the cumulative effect of an
SDA on myocardial performance and systemic and pulmo-
ary hemodynamics as adjudicated by graded clinical and
chocardiographic characteristics.67 The purpose is to stan-

dardize the definition of hemodynamic significance, stratify
ductal illness severity in an attempt to provide more stream-
lined decision making, and facilitate earlier identification of
which patients may benefit from therapeutic intervention.
The staging system places a greater emphasis on echocardi-
ography markers of hemodynamic significance, rather than
on ductal diameter alone. Although it is not possible to di-
rectly evaluate the volume of the transductal shunt by using
conventional echocardiography methods alone, surrogate
markers of pulmonary overcirculation and systemic blood
flow provide an indirect estimate of the volume of the
shunt. The purpose of these markers is not limited to the
estimation of ductal size, but also includes determination
of the impact of transductal flow on the systemic and/or
pulmonary circulations. A comprehensive appraisal of
these echocardiography markers is crucial owing to the
individual variability of any one measurement and the
influence of confounding physiological or anatomic fac-
tors. In addition, a detailed approach to PDA evaluation
allows a more systematic and structured approach to eval-
uation of treatment response.

This approach has not been uniformly adopted, and its
impact remains unclear. There is some evidence that staging
the ductus arteriosus facilitates identification of neonates at
increased risk of respiratory morbidity, although it remains

unknown whether this is able to guide therapy.68 Neonates
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The ductus arteriosus: a refined approach! 109
classified as having high-risk according to the staging criteria
were noted to be more likely to require longer duration of
oxygen support and home oxygen therapy and to show a
trend toward increased CLD. Since the introduction of a PDA
classification system in Toronto, the rates of referral for PDA
ligation have reduced by over 50%,69 which may be attribut-
able to a more comprehensive appraisal of hemodynamic
significance and avoidance of intervention in borderline
cases.

The use of a staging system in combination with biomark-
ers, such as B-type natriuretic peptide (BNP), aminoterminal
B-type natriuretic peptide (NT-proBNP), and cardiac tro-
ponin T (cTnT),70 may allow the creation of a clinical algo-
ithm for identifying at-risk infants and determining indica-
ion, timing, and best mode of therapy. Biomarkers such as
TnT and NTpBNP may be particularly helpful when there is

imited access to serial TnECHO. NTproBNP is the inactive
y-product of BNP, which is released by the ventricular myo-
ardium in response to volume and pressure loading. NT-
BNP levels rise in the presence of a hemodynamically sig-
ificant PDA, correlating with echocardiographic markers,
nd fall following successful treatment.71 Similarly, cTnT dis-
lays a similar pattern with the presence of a PDA and fol-

owing treatment.72 In small series of preterm infants, plasma
NP correlated with magnitudes of the ductal shunt (ductal
ize, La:Ao ratio, diastolic flow velocity of the left pulmonary
rtery). Plasma NT-proBNP and cTnT levels are higher in
reterm infants with a PDA who subsequently develop IVH
rade III/IV or risk of death compared with those with a PDA
nd without complications. The use of these markers in clin-
cal practice is not yet established. They may be of benefit in
resymptomatic screening of preterm infants 48 hours of life
nd in evaluating therapeutic response; these require pro-
pective evaluation.

Impact of TnECHO
An enhanced approach to diagnosis and monitoring will re-
quire more comprehensive and frequent echocardiography.
In many centers, this approach may be limited by issues such
as accessibility and temporal delays in the acquisition of in-
formation. In many parts of the world, it is now incumbent
on neonatologists to acquire the necessary skills and training
to perform TnECHO.73-75 Although the usefulness of echo-
ardiography as a research tool to understand neonatal he-
odynamic is well established,76,77 its impact on PDA man-

gement is less well understood. There are emerging data that
hort-term outcomes may be improved. O’Rourke et al78

evaluated the effect of serial echocardiography performed by
a neonatologist and early targeted medical PDA treatment
compared with historical controls. Serial echocardiography
facilitated earlier identification and treatment of an HSDA
before evolution of clinical signs. The clinical impact was a
reduction in severe intraventricular hemorrhage and number
of ventilator days. Several groups have demonstrated useful-
ness of point-of-care echocardiograms in the setting of post-
surgical ligation hemodynamic instability.37,40 The introduc-

tion of a standardized TnECHO-guided care program led to
decreased postoperative cardiorespiratory instability com-
pared with historical controls.79

Echocardiography
Evaluation of the Ductus Arteriosus
The discordance between the appearances of clinical vs echo-
cardiographic signs is well appreciated. The common prac-
tice is to intervene and assess outcome based on ductal size
and the clinical consequences of excessive pulmonary blood
flow (for example, increased ventilatory requirements and
CLD). Our approach represents a paradigm shift from reli-
ance on transductal diameter alone to paying more attention
to echocardiography surrogate markers of the volume and
impact of the shunt volume. Although transductal diameter
appears to be the most predictive of all markers, its value is
questionable for several reasons. First, ductal size may vary
with oxygen saturation, surfactant treatment, or intravenous
furosemide.80-82 Second, although the vessel is widely patent,
the determinant of the volume of transductal flow is the pres-
sure differential across the length of the ductus, which may
be negligible in the presence of elevated pulmonary vascular
resistance. Finally, a two-dimensional estimate at a single
point may not be best reflective of the architecture of the
ductus across its length and in three dimensions. Although
there may be restriction in size at the pulmonary end follow-
ing medical therapy to a level considered “nonsignificant” (�1.7

m), this may not be sufficient to restrict transductal flow and
ts hemodynamic consequences. Individually, each marker is
ubject to measurement error, interobserver variability, and
naccuracy secondary to confounding physiological factors.
or example, increased pressure and/or volume loading of
he left heart secondary to increased pulmonary venous re-
urn with consequential elevation in LVO reflects a high-
olume transductal shunt. In the presence of a large atrial
eptal defect, or stretched patent foramen ovale due to the
ncreased size of the left atrium, a high-volume left-to-right
ransatrial shunt leads to decompression of the left heart and
ormalization of LVO, decreasing the sensitivity of these
arkers. A large left-to-right transatrial shunt is therefore a
arker, in itself, of a high-volume shunt; if not measured, the

ignificance of the ductus arteriosus may not be appreciated.
t must not be assumed that increased LVO implies adequate
ystemic blood flow. Hajjar et al83 demonstrated that the flow

of ductal shunt is directly proportional to LVO/superior vena
caval (SVC) flow ratio and this ratio may be a more reliable
estimation of the ductal flow, as it is unaffected by transatrial
flow, unlike other markers. The authors chose a ratio of �4
to define an HSDA and concluded that the left atrial to aortic
ratio, ductal diameter, mean flow velocity of left pulmonary
artery (LPA), and end-diastolic velocity of the LPA correlated
significantly with the LVO/SVC ratio. The left atrial to aortic
ratio, used to assess volume overloading, although relatively
easy, may not be accurate:84 Firstly, left atrial volume is de-
pendent on the hydration status of the neonate and may be
normal in the presence of volume depletion. Secondly, the

measurement is prone to intra- and interobserver variability.
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Studies describing patterns of left-to-right shunting show
that transductal flow increases during diastole, leading to a
marked reduction of net flow down the descending aorta
(DAo). After PDA closure, the absolute (net) forward flow
increased 33%. In preterm infants �31 weeks’ gestation,
Groves et al observed that when ductal diameter was �1.7
mm, DAo diastolic reversal was associated with 35% decrease
in DAo flow volume.50 The degree of ductal steal can be
semiquantitatively assessed by planimetering reversed to for-
ward flow (R/F) to assign a ratio. A strong linear correlation
between the ratio of pulmonary to systemic blood flow (Qp/

Figure 1 Relationship between hemodynamically signifi
morbidity. PVR, pulmonary vascular resistance; SVR,
surfactant; NEC, necrotizing enterocolitis; IVH, intrave
left ventricular. (Color version of figure is available onli

Figure 2 Abnormal flow pattern showing reversed end-d

figure is available online.)
Qs) and R/F (assigned by Doppler) has been demonstrated
(R2 � 0.82, P � 0.01).85 The ratio of the PI of the LPA to the
PI of the DAo (Rp/Rs index) has been proposed as a semi-
quantitative, extracardiac index that measures the down-
stream blood velocity in the pulmonary artery and DAo just
distal to the PDA. A recent study has shown that the Rp/Rs
index can be used to identify neonates in whom PDA is asso-
ciated with diastolic steal from the superior mesenteric ar-
tery.86 Abnormal diastolic flow patterns are commonly seen
n other vessels, for example, renal and celiac arteries.83 Al-
hough the “ductal steal” phenomenon is present in neonates

uctus arteriosus, abnormal blood flow, and neonatal
ic vascular resistance; iNO, inhaled nitric oxide; surf,
ar hemorrhage; PVL, periventricular leukomalacia; LV,

c flow in superior mesenteric artery. (Color version of
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with an HSDA and resolves after ductal closure, the exact
relationship to neonatal morbidity has not been well estab-
lished. Figure 1 depicts the physiological relationship be-
tween abnormal flow patterns in systemic arteries and mor-
bidity. Figures 2 and 3 depict abnormal arterial flow using

oppler interrogation of superior mesenteric artery and renal
rtery. There are, however, anecdotal reports of resolution of
nd-organ compromise (eg, acute renal failure) following
urgical intervention.87 The use of arterial Doppler patterns

to guide decision making is not unique to the management of
an HSDA. Umbilical artery flow reversal is a significant pre-
dictor of perinatal mortality, bronchopulmonary dysplasia,
IVH, and NEC88 and a common indication to deliver the

reterm fetus. Comparable findings of flow alteration exist in
dults with the subclavian steal syndrome or patients with
he Blalock–Taussig shunt in which the steal phenomenon
ontributes to changes in cardiovascular physiology, blood
ow, and patient well-being.
In summary, although the HSDA is associated with acute

ardiorespiratory instability that is oftentimes alleviated with
edical therapy, treatment has not been shown to improve

ong-term outcomes and may expose some patients to unher-
lded and well-recognized adverse effects. Previous studies
ave not considered the spectrum of illness severity attribut-
ble to an HSDA, which limits accurate appraisal of the im-
act of treatment. The use of cTnT and NTpBNP in combi-
ation with echocardiography assessment should be studied

n a trial examining the short-term and longer-term effects of
sing this diagnostic model in targeted PDA treatment.

Future Directions
There remain many unresolved issues that cloud medical
judgment and prohibit reaching a consensus approach to
therapeutic intervention. It is our belief that the ductus arte-
riosus is hemodynamically significant and contributes to
pathophysiological disease in a proportion of patients. RCTs

Figure 3 Abnormal flow pattern showing reversed end-d
online.)
performed to date have not satisfactorily addressed the rele-
vant clinical question, as the definition of a HSDA was poorly
standardized, not stratified, and somewhat superficial. The
point at which hemodynamic instability, attributable to a
high-volume ductal shunt, contributes to end-organ com-
promise needs prospective investigation and clarification.
Whether these patients may be identified in the presymptom-
atic phase by using comprehensive TnECHO is unclear, but
again needs prospective evaluation. Once the population of
interest has been redefined, the issue of a RCT should be
revisited. The role of TnECHO in monitoring treatment re-
sponse needs future consideration.

References
1. Van Overmeire B, Chemtob S: The pharmacologic closure of the patent

ductus arteriosus. Semin Fetal Neonatal Med 10:177-184, 2005
2. Santhanam S, Walker K, Shingde V, et al; for the NICUS Group: Patent

ductus arteriosus in preterm babies �32 weeks in NSW and the ACT
over the period 1992-2005: Risk factors, associated morbidities and
outcome. J Paediatr Child Health 44:A12-A59, 2008

3. Bose CL, Laughon MM: Patent ductus arteriosus: Lack of evidence for
common treatments. Arch Dis Child Fetal Neonatal Ed 92:F498-F502,
2007

4. Benitz WE: Treatment of persistent patent ductus arteriosus in preterm
infants: Time to accept the null hypothesis? J Perinatol 30:241-252,
2010

5. Clyman RI, Chorne N: Patent ductus arteriosus: Evidence for and
against treatment. J Pediatr 150:216-219, 2007

6. Garland J, Buck R, Weinberg M: Pulmonary haemorrhage risk in in-
fants with a clinically diagnosed patent ductus arteriosus: A retrospec-
tive cohort study. Pediatrics 94:719-723, 1994

7. Laughon M, Bose C, Clark R: Treatment strategies to prevent or close a
patent ductus arteriosus in preterm infants and outcomes. J Perinatol
27:164-170, 2007

8. Laughon MM, Simmons MA, Bose CL: Patency of the ductus arteriosus
in the premature infant: Is it pathologic? Should it be treated? Curr
Opin Pediatr 16:146-151, 2004

9. Trus T, Winthrop AL, Pipe S, et al: Optimal management of patent
ductus arteriosus in the neonate weighing less than 800 g. J Pediatr Surg
28:1137-1139, 1993

10. Edwards AD, Wyatt JS, Richardson C, et al: Effects of indomethacin on
cerebral haemodynamics in very preterm infants. Lancet 335:1491-

flow in renal artery. (Color version of figure is available
iastolic
1495, 1990



112 A. Sehgal and P.J. McNamara
11. Seyberth HW, Rascher W, Hackenthal R, et al: Effect of prolonged
indomethacin therapy on renal function and selected vasoactive hor-
mones in very-low-birth-weight infants with symptomatic patent duc-
tus arteriosus. J Pediatr 103:979-984, 1983

12. Heymann MA, Rudolph AM, Silverman NH: Closure of the ductus
arteriosus in premature infants by inhibition of prostaglandin synthe-
sis. N Engl J Med 295:530-533, 1976

13. Friedman WF, Hirschklau MJ, Printz MP, et al: Pharmacologic closure
of patent ductus arteriosus in the premature infants. N Engl J Med
295:526-529, 1976

14. Abbasi S, Jeffrey S, Gerdes JS, et al: Neonatal outcome after exposure to
indomethacin in utero: A retrospective case cohort study. Am J Obstet
Gynecol 189:782-785, 2003

15. Amin BS, Sinkin R, Glantz JC: Metanalysis of the effect of antenatal
indomethacin on neonatal outcomes. Am J Obstet Gynecol 486:e1-e10,
2007

16. Fejgin MD, Delpino ML, Bidiwala KS: Isolated small bowel perforation
following intrauterine treatment with indomethacin. Am J Perinatol
11:295-296, 1994

17. Sharma R, Hudak ML, Tepas JJ III, et al: Prenatal or postnatal indo-
methacin exposure and neonatal gut injury associated with isolated
intestinal perforation and necrotizing enterocolitis. J Perinatol 30:786-
793, 2010

18. Sehgal A, McNamara PJ: Indomethacin Impairs Coronary Perfusion in
Infants with Hemodynamically Significant Ductus Arteriosus. Neona-
tology 101:20-27, 2012

19. Way GL, Pierce JR, Wolfe RR, et al: ST depression suggesting suben-
docardial ischemia in neonates with respiratory distress syndrome and
patent ductus arteriosus. J Pediatr 95:609, 1979

20. Evans N, Kluckow M: Early ductal shunting and intraventricular haem-
orrhage in ventilated preterm infants. Arch Dis Child Fetal Neonatal Ed
75:F183-F186, 1996

21. Shimada S, Kasai T, Hoshi A, et al: Cardiocirculatory effects of patent
ductus arteriosus in extremely low-birth-weight infants with respira-
tory distress syndrome. Pediatr Int 45:255-262, 2003

22. Swarup J, Baker RW, Brozanski BS, et al: Asymmetry of cerebral blood
flow velocity in low birth weight infants. Biol Neonate 87:145-151,
2005

23. Koehne PS, Bein G, Alexi-Meskhishvili V, et al: Patent ductus arteriosus
in very low birth weight infants: Complications of pharmacological and
surgical treatment. J Perinat Med 29:327-334, 2001

24. Van Overmeire B, Van de Broek H, Van Laer P, et al: Early versus late
indomethacin treatment for patent ductus arteriosus in premature in-
fants with respiratory distress syndrome. J Pediatr 138:205-211, 2001

25. Koch J, Hensley G, Roy L, et al: Prevalence of spontaneous closure of
the ductus arteriosus in neonates at a birth weight of 1000 grams or
less. Pediatrics 117:1113-1121, 2006

26. Schmidt B, Davis P, Moddemann D, et al; Trial of Indomethacin Pro-
phylaxis in Preterms Investigators. Long-term effects of indomethacin
prophylaxis in extremely-low-birth-weight infants. N Engl J Med 344:
1966-1972, 2001

27. Gournay V, Roze JC, Kuster A, et al: Prophylactic ibuprofen versus
placebo in very premature infants: A randomised, double-blind, place-
bo-controlled trial. Lancet 364:1939-1944, 2004

28. Van Overmeire B, Allegaert K, Casaer A, et al: Prophylactic ibuprofen in
premature infants: A multicentre, randomised, double-blind, placebo-
controlled trial. Lancet 364:1945-1949, 2004

29. Knight DB: The treatment of patent ductus arteriosus in preterm in-
fants. A review and overview of randomized trials. Semin Neonatol
6:63-73, 2001

30. Clement WA, El-Hakim H, Phillipos EZ, et al: Unilateral vocal cord paral-
ysis following patent ductus arteriosus ligation in extremely low-birth-
weight infants. Arch Otolaryngol Head Neck Surg 134:28-33, 2008

31. Smith ME, King JD, Elsherif A, et al: Should all newborns who undergo
patent ductus arteriosus ligation be examined for vocal fold mobility?
Laryngoscope 119:1606-1609, 2009

32. Mandhan P, Brown S, Kukkady A, et al: Surgical closure of patent
ductus arteriosus in preterm low birth weight infants. Congenit Heart

Dis 4:34-37, 2009
33. Gould DS, Montenegro LM, Gaynor JW, et al: A comparison of on-site
and off-site patent ductus arteriosus ligation in premature infants. Pe-
diatrics 112:1298-1301, 2003

34. Shelton JE, Julian R, Walburgh E, et al: Functional scoliosis as a long-
term complication of surgical ligation for patent ductus arteriosus in
premature infants. J Pediatr Surg 21:855-857, 1986

35. Kabra NS, Schmidt B, Roberts RS, et al: Trial of Indomethacin Prophy-
laxis in Preterms Investigators: Neurosensory impairment after surgical
closure of patent ductus arteriosus in extremely low birth weight in-
fants: Results from the Trial of Indomethacin Prophylaxis in Preterms.
J Pediatr 150:229-234, 2007

36. Chorne N, Leonard C, Piecuch R, et al: Patent ductus arteriosus and its
treatment as risk factors for neonatal and neurodevelopmental morbid-
ity. Pediatrics 119:1165-1174, 2007

37. Noori S, Friedlich P, Seri I, et al: Changes in myocardial function and
haemodynamics after ligation of the ductus arteriosus in preterm in-
fants. J Pediatr 150:597-602, 2007

38. Sehgal A, Francis JV, James A, et al: Patent ductus arteriosus ligation
and post-operative hemodynamic Instability: Case report and frame-
work for enhanced neonatal care. Indian J Pediatr 77:905-907, 2010

39. Mittal A, Dos Santos S, Hellman J, et al: PDA categorisation predicts
post-ligation need for cardiotropes, in Pediatric Academic Societies
Annual Meeting. Honolulu, Hawaii, 2008, E-PAS 5842

40. Teixeira LS, Shivananda SP, Stephens D, et al: Postoperative cardiore-
spiratory instability following ligation of the preterm ductus arteriosus
is related to early need for intervention. J Perinatol 28:803-810, 2008

41. McNamara PJ, Stewart L, Sandesh SP, et al: PDA ligation is associated
with postoperative myocardial dysfunction in premature infants. J Tho-
rac Cardiovasc Surg 140:150-157, 2010

42. Sehgal A, McNamara PJ: Coronary Artery Hypo-Perfusion Is Associated
with Impaired Diastolic Dysfunction in preterm Infants after patent
ductus arteriosus (PDA) Ligation, in Pediatric Academic Societies An-
nual Meeting. Toronto, Canada, 2007, E-PAS 5896

43. Lemmers PM, Molenschot MC, Evens J, et al: Is cerebral oxygen supply
compromised in preterm infants undergoing surgical closure for patent
ductus arteriosus? Arch Dis Child Fetal Neonatal Ed 95:F429-F434, 2010

44. Leslie AT, Keyzers M, EL-Khuffash A, et al: Impact of patent ductus
arteriosus (PDA) Ligation on Cerebral Electrical Activity in preterm
Infants, in Pediatric Academic Societies Annual Meeting. Denver, Co-
larado, 2011, E-PAS 4455.7

45. Loeliger M, Inder TE, Dalitz PA, et al: Developmental and neuropatho-
logical consequences of ductal ligation in the preterm baboon. Pediatr
Res 65:209-214, 2009

46. Coalson JJ, Winter VT, Siler-Khodr T, et al: Neonatal chronic lung
disease in extremely immature baboons. Am J Respir Crit Care Med
160:1333-1346, 1999

47. Shimada S, Kasai T, Konishi M, et al: Effects of patent ductus arteriosus
on left ventricular output and organ blood flows in preterm infants with
respiratory distress syndrome treated with surfactant. J Pediatr 125:
270-277, 1994

48. Martin CG, Snider AR, Katz SM, et al: Abnormal cerebral blood flow
patterns in preterm infants with a large patent ductus arteriosus. J Pe-
diatr 101:587-593, 1982

49. Coombs RC, Morgan ME, Durbin GM, et al: Gut blood flow velocities in
the newborn: Effects of patent ductus arteriosus and parenteral indo-
methacin. Arch Dis Child 65:1067-1071, 1990

50. Groves AM, Kuschel CA, Knight DB, et al: Does retrograde diastolic
flow in the descending aorta signify impaired systemic perfusion in
preterm infants? Pediatr Res 63:89-94, 2008

51. Clyman RI, Mauray F, Heymann MA, et al: Cardiovascular effects of
patent ductus arteriosus in preterm lambs with respiratory distress.
J Pediatr 111:579-587, 1987

52. Marshall DD, Kotelchuck M, Young TE, et al: Risk factors for chronic
lung disease in the surfactant era: A North Carolina population-based
study of very low birth weight infants. North Carolina Neonatologists
Association. Pediatrics 104:1345-1350, 1999

53. Dollberg S, Lusky A, Reichman B: Patent ductus arteriosus, indomethacin
and necrotizing enterocolitis in very low birth weight infants: A popula-

tion-based study. J Pediatr Gastroenterol Nutr 40:184-188, 2005



The ductus arteriosus: a refined approach! 113
54. Noori S, McCoy M, Friedlich P, et al: Failure of ductus arteriosus
closure is associated with increased mortality in preterm infants. Pedi-
atrics 123:e138, 2009

55. Brooks JM, Travadi JN, Patole SK, et al: Is surgical ligation of patent
ductus arteriosus necessary? The Western Australian experience of con-
servative management. Arch Dis Child Fetal Neonatal Ed 90:F235-
F239, 2005

56. Cassady G, Crouse DT, Kirklin JW, et al: A randomized, controlled trial
of very early prophylactic ligation of the ductus arteriosus in babies
who weighed 1000 g or less at birth. N Engl J Med 320:1511-1516,
1989

57. Kawase Y, Ishii T, Arai H, et al: Gastrointestinal perforation in very
low-birthweight infants. Pediatr Int 48:599-603, 2006

58. Attridge JT, Clark R, Walker MW, et al: New insights into intestinal
perforation using a national data set: (1) SIP is associated with early
indomethacin exposure. J Perinatol 26:93-99, 2006

59. Loe SM, Sanchez-Ramos L, Kaunitz AM: Assessing the neonatal safety
of indomethacin tocolysis: A systematic review with meta-analysis. Ob-
stet Gynecol 106:173-179, 2005

60. Fujii AM, Brown E, Mirochnick M, et al: Neonatal necrotizing entero-
colitis with intestinal perforation in extremely premature infants receiv-
ing early indomethacin treatment for patent ductus arteriosus. J Peri-
natol 22:535-540, 2002

61. Grosfeld JL, Chaet M, Molinari F, et al: Increased risk of necrotizing
enterocolitis in premature infants with patent ductus arteriosus treated
with indomethacin. Ann Surg 224:350-355, 1996

62. Leonhardt A, Seyberth HW: Do we need another NSAID instead of
indomethacin for treatment of ductus arteriosus in preterm infants?
Acta Paediatr 92:996-999, 2003

63. Clyman RI: Recommendations for the postnatal use of indomethacin:
An analysis of four separate treatment strategies. J Pediatr 128:601-607,
1996

64. Cooke L, Steer P, Woodgate P: Indomethacin for asymptomatic patent
ductus arteriosus in preterm infants. Cochrane Database Syst Rev
2:CD00374, 2003

65. Evans N: Current controversies in the diagnosis and treatment of patent
ductus arteriosus in preterm infants. Adv Neonatal Care 3:168-177,
2003

66. Evans N, Iyer P: Longitudinal changes in the diameter of the ductus
arteriosus in ventilated preterm infants: Correlation with respiratory
outcomes. Arch Dis Child Fetal Neonatal Ed 72:F156-F161, 1995

67. McNamara PJ, Sehgal A: Towards rational management of the patent
ductus arteriosus: The need for disease staging. Arch Dis Child Fetal
Neonatal Ed 92:F424-F427, 2007

68. Sehgal A, McNamara PJ: Staging the ductus arteriosus facilitates iden-
tification of neonates at increased risk of respiratory morbidity. J Neo-
natal Perinatal Med 4:14-17, 2010

69. El-Khuffash AF, McNamara PJ: The patent ductus arteriosus ligation
decision. J Pediatr 158:1037-1038, 2011

70. EL-Khuffash AF, Slevin M, McNamara PJ, et al: Troponin T, N-terminal
pro natriuretic peptide and a patent ductus arteriosus scoring system
predict death before discharge or neurodevelopmental outcome at 2
years in preterm infants. Arch Dis Child Fetal Neonatal Ed 96:F133-

F137, 2011
71. El-Khuffash AF, Amoruso M, Culliton M, et al: N-terminal pro-B-type
natriuretic peptide as a marker of ductal haemodynamic significance in
preterm infants: A prospective observational study. Arch Dis Child
Fetal Neonatal Ed 92:421-422, 2007

72. El-Khuffash AF, Molloy EJ: Influence of a patent ductus arteriosus on
cardiac troponin T levels in preterm infants. J Pediatr 153:350-353,
2008

73. Evans N, Gournay V, Cabanas F, et al: Point-of-care ultrasound in the
neonatal intensive care unit: International perspectives. Semin Fetal
Neonatal Med 16:61-68, 2011

74. Kluckow M, Seri I, Evans N: Functional echocardiography: An emerg-
ing clinical tool for the neonatologist. J Pediatr 150:125-130, 2007

75. Kluckow M, Seri I, Evans N: Echocardiography and the neonatologist.
Pediatr Cardiol 29:1043-1047, 2008

76. Kluckow M, Evans N: Superior vena cava flow in newborn infants: A
novel marker of systemic blood flow. Arch Dis Child Fetal Neonatal Ed
82:F182-F187, 2000

77. Kluckow M, Evans N: Low superior vena cava flow and intraventricular
haemorrhage in preterm infants. Arch Dis Child Fetal Neonatal Ed
82:F188-F194, 2000

78. O’Rourke DJ, El-Khuffash A, Moody C, et al: Patent ductus arteriosus
evaluation by serial echocardiography in preterm infants. Acta Paediatr
97:574-578, 2008

79. Jain A, Sahni M, Khadawardi E, et al: Targeted Neonatal Echocardiog-
raphy (TnECHO) Prevents postoperative Cardiorespiratory Instability
Following PDA Ligation, in Pediatric Academic Societies Annual Meet-
ing. Denver, Colarado, 2011, E-PAS 3808.39

80. Friedman Z, Demers LM, Marks KH, et al: Urinary excretion of prosta-
glandin E following the administration of furosemide and indometha-
cin to sick low-birth-weight infants. J Pediatr 93:512-515, 1978

81. Sehgal A, Mak W, Dunn M, et al: Haemodynamic changes after delivery
room surfactant administration to very low birth weight infants. Arch
Dis Child Fetal Neonatal Ed 95:F345-F351, 2010

82. Skinner JR, Hunter S, Poets CF, et al: Haemodynamic effects of altering
arterial oxygen saturation in preterm infants with respiratory failure.
Arch Dis Child Fetal Neonatal Ed 80:F81-F87, 1999

83. El Hajjar M, Vaksmann G, Rakza T, et al: Severity of the ductal shunt: A
comparison of different markers. Arch Dis Child Fetal Neonatal Ed
90:F419-F422, 2005

84. Iyer P, Evans N: Re-evaluation of the left atrial to aortic root ratio as a
marker of patent ductus arteriosus. Arch Dis Child 70:F112-F117,
1994

85. Serwer GA, Armstrong BE, Anderson PA: Continuous wave Doppler
ultrasonographic quantitation of patent ductus arteriosus flow. J Pedi-
atr 100:297-299, 1982

86. Freeman-Ladd M, Cohen JB, Carver JD, et al: The hemodynamic effects
of neonatal patent ductus arteriosus shunting on superior mesenteric
artery blood flow. J Perinatol 25:459-462, 2005

87. Sehgal A, McNamara PJ: Does point-of-care functional echocardiogra-
phy enhance cardiovascular care in the NICU? J Perinatol 28:729-735,
2008

88. Baschat AA, Cosmi E, Bilardo CM, et al: Predictors of neonatal outcome
in early-onset placental dysfunction. Obstet Gynecol 109:253-260,

2007


	The Ductus Arteriosus: A Refined Approach!
	Defining the Problem
	Arguments Against Treatment
	Arguments for Treatment
	Epidemiological Evidence

	Strategies to Rationalize Therapy
	Disease Stratification
	Impact of TnECHO
	Echocardiography Evaluation of the Ductus Arteriosus

	Future Directions
	References


