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Abstract
Objective The influence of post-ligation cardiac syndrome (PLCS), a complication of patent ductus arteriosus (PDA)
ligations, on neonatal outcomes is unknown. The purpose of this study was to determine the risks of PLCS on severe
pulmonary morbidity and severe retinopathy of prematurity (ROP).
Study design Retrospective cohort study of infants who underwent a PDA ligation between 2006 and 2015. Data were
collected on patients with and without PLCS. The primary outcome was the difference in severe bronchopulmonary
dysplasia (BPD) between groups. Secondary outcomes included discharge with home oxygen and severe ROP.
Result A total of 100 infants that underwent PDA ligation during the study period were included in the study; 31 (31%)
neonates developed PLCS. In adjusted analysis, PLCS was associated with increased risk for severe BPD (RR 1.67, 95% CI:
1.15–2.42) and home oxygen therapy (RR: 1.47, 95% CI: 1.09–1.99) only. No association with severe ROP was seen (RR:
1.48; 95% CI: 0.87–2.52).
Conclusion PLCS is associated with severe neonatal pulmonary morbidity, but not with severe ROP. Further investigation is
warranted to validate these results.

Introduction

Patent ductus arteriosus (PDA) has been associated with
neonatal morbidity, including necrotizing enterocolitis
(NEC), bronchopulmonary dysplasia (BPD), hemorrhagic
pulmonary edema, retinopathy of prematurity (ROP), and
death [1–3]. With the goal of preventing these morbidities,
closure of the PDA is frequently attempted with pros-
taglandin inhibitors such as ibuprofen or indomethacin. If
pharmacologic interventions are unsuccessful or contra-
indicated, surgical ligation can be performed. Approxi-
mately 20% of all neonates ≤32 weeks in the United States
will develop a persistent PDA and 10–21% of them will
undergo PDA ligation [4, 5]. Although considerable

variation in practice exists, the belief that a PDA ligation is
both beneficial and necessary in the symptomatic neonate
remains a prevailing sentiment among neonatologists [4, 6].
However, the benefits of PDA ligation have recently been
challenged as an association with severe neonatal morbid-
ities has been demonstrated, which has raised concerns
about this common practice in neonatal intensive care units
(NICUs) [7–13].

The post-PDA ligation course is often complicated by an
acute respiratory and hemodynamic instability that occurs in
the first 24 h following the procedure. Post-ligation cardiac
syndrome (PLCS), with its distinct symptoms of systemic
hypotension and either ventilation and/or oxygenation fail-
ure, complicates 30–44% of all PDA ligations [14, 15].
Neonatal mortality following PDA ligation complicated by
systemic hypotension has been reported to be as high as
33%, but there is a paucity of data on other neonatal out-
comes associated with this post-ligation phenomenon [16].
Although PLCS is a biologically plausible mechanism to
explain the association between PDA ligation and increased
neonatal morbidity, its effect on neonatal outcomes remains
largely uninvestigated. We hypothesized that PLCS was
associated with neonatal morbidity, including severe BPD,
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severe ROP, and need for home oxygen therapy at
discharge.

Methods

This retrospective observational study was conducted at a
tertiary NICU with ~1000 admissions annually, most of
whom are outborn. Data for the study were collected from
January 2006 to February 2015. The study received Insti-
tutional Review Board approval.

Eligible neonates were those <34 weeks gestational age
(GA) at birth and admitted to the NICU for surgical closure
of the PDA. Pre-established exclusion occurred for the
following reasons: (1) complex congenital heart disease; (2)
back transfer to referral hospital prior to assessment of the
primary outcome; (3) death prior to assessment of the pri-
mary outcome; and (4) known or suspected genetic syn-
drome. One hundred patients met inclusion criteria for the
study, 31 developed PLCS and 69 patients did not develop
PLCS. The decision to ligate a PDA is based on the clinical
scenario, echocardiographic findings, and comprehensive
review of each case individually. Prior to ligation cases are
frequently discussed at the morning cardiology report
attended by neonatologists, cardiologist, and pediatric car-
diothoracic surgeons.

The electronic medical records of all neonates who had
undergone surgical ligation during the study period were
retrospectively reviewed for inclusion. Records were ana-
lyzed to determine if neonates met criteria for PLCS. The
following definitions, adopted from Jain et al. [14], of
systemic hypotension within 24 h of ligation plus a com-
ponent of either ventilation failure and/or oxygenation
failure during that same timeframe were necessary for the
diagnosis of PLCS:

1. Systemic hypotension: the need to initiate a new
inotropic agent or to increase an inotropic agent by
>20% of preligation dosing lasting at least 1 h.

2. Oxygenation failure: an increase in preligation frac-
tion of inspired oxygen (FiO2) and/or mean airway
pressure (MAP) by >20% lasting at least 1 h.

3. Ventilation failure: a need for high frequency
ventilation (HFOV) secondary to an inability to
maintain adequate ventilation on conventional modes
or a rise of preligation amplitude by >20% if already
on HFOV lasting at least 1 h.

Individual patient data were not evaluated to determine
specific post-ligation management of systemic hypotension,
if present. In general, postoperative hypotension is managed
initially at our institution with a normal saline bolus. If the
patient does not respond to initial volume expansion, then
dopamine is started at 3–5 mcg/kg/min, and advanced as

needed to achieve target blood pressure. If dopamine infu-
sions >10 mcg/kg/min are needed, hydrocortisone is
administered at 1 mg/kg every 12 h following a loading
dose of 1–2 mg/kg. If a third line agent is necessary, epi-
nephrine is often the drug of choice.

The primary outcome was severe BPD, defined as the
need for ≥0.30 FiO2 and/or positive pressure ventilation
(PPV) at 36 weeks PMA or discharge, whichever came first,
for infants <32 weeks GA at birth. For infants ≥32 weeks
GA at birth, severe BPD was defined as the need for ≥0.30
FiO2 and/or PPV at 56 days postnatal age or discharge,
whichever came first. The secondary outcomes were need
for home oxygen therapy and severe ROP, defined as
≥stage III or needing intervention with either bevacizumab
or laser therapy. The attending physician determined the
need for home oxygen therapy at the time of discharge. All
patients with persistent oxygen requirements are attempted
to be weaned off of oxygen prior to discharge. Starting in
October 2011 patients on oxygen at 36 weeks corrected
gestational age underwent an oxygen reduction test to
determine the lowest FiO2 necessary to maintain adequate
oxygen saturations. Patients with PLCS were compared to
patients without PLCS for the primary and secondary
outcomes.

Statistics

On the basis of estimates of having 90 total subjects
meeting enrollment criteria with 32 patients in the disease
group and 58 in the non-disease group, we calculated a
power of 82% to detect a difference in the primary outcome
between groups using χ2 with a 0.05 two-sided significance
level, a disease group proportion of 80%, and a non-disease
group proportion of 50%. Descriptive statistics are reported
as means± standard deviation for continuous variables and
frequency with percentage for categorical variables. Dif-
ferences in outcomes between PLCS and non-PLCS groups
were assessed using two-sided independent t-tests for con-
tinuous variables and χ2 or Fisher’s exact test for categorical
variables, as appropriate based on cell size. Highly skewed
variables are reported as median and interquartile range
(IQR) and tested using the Wilcoxon rank-sum test. The
independent association of PLCS and outcomes was mod-
eled using multivariable modified Poisson regression with
robust error variance represented and results are reported as
relative risks and 95% confidence intervals. Typical ana-
lyses utilize logistic regression to estimate adjusted odds
ratios, which are then generally interpreted as relative risks.
However, in this study, as the events being modeled were
not rare, odds ratios were poor estimates of relative risks. To
address this issue, we estimated adjusted relative risks
directly using a modified Poisson regression model [17].
Possible confounding was accounted for by creating a
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propensity score derived from a multivariable logistic
regression model on PLCS. This propensity score was then
included as a model covariate to adjust for imbalance
between groups. Variables included in the propensity to be
PLCS model were gender, age at admission, GA at birth,
birth weight, weight at ligation, time from birth to ligation,
preligation left atrial (LA) size, small for gestational age
(SGA), and preligation respiratory severity score (RSS).
The RSS is equal to the MAP multiplied by FiO2 (RSS=
MAP× FiO2).

All statistical tests were two-sided and conducted at the
alpha= 0.05 level. All statistical tests account for variance
inequality if it existed. Statistical analysis was done using
The SAS software v 9.4 (SAS Institute Inc., Cary, NC,

USA) and R (R Foundation for Statistical Computing,
Vienna, Austria).

Results

A total of 127 patients <34 weeks GA were identified as
having a PDA ligation between January 2006 and February
2015. All PDA ligations were performed by a board-
certified pediatric cardiothoracic surgeon. Twenty-seven
patients were excluded from the analysis: 17 for back
transfer to the referring hospital prior to assessment of the
primary outcome, 9 for critical congenital heart disease or
confirmed genetic syndromes, and 1 for incomplete records.
The subject with incomplete records was missing ventilator
settings and vital signs from the medical record immediately
following PDA ligation, making determination of PLCS
status impossible. Among the 100 remaining patients
included in the study, 31 (31%) developed PLCS and 69
patients (69%) did not develop PLCS. Neonates with and
without PLCS had similar GA, birth weight, sex, and PDA
size prior to ligation. Postnatal age at admission and at
ligation, weight at ligation, LA size, and preligation RSS
were the only demographic, clinical, and echocardiographic
characteristics that differed significantly between groups
(Table 1).

Patients with PLCS were more likely to have severe BPD
(72.4% vs 46.3%, P= 0.02), severe ROP (55.2% vs 30.3%,
P= 0.02), and need for home oxygen support at discharge
(82.1% vs 53.8%, P= 0.01) than patients without PLCS.
There was no difference in death before discharge (9.7% vs
5.8%, P= 0.67) (Table 2). Following multivariable adjust-
ment with propensity matched scoring, PLCS remained
significantly associated with severe BPD (RR: 1.67; 95%
CI: 1.15–2.42) and need for home oxygen therapy (RR:
1.47; 95% CI: 1.09–1.99). Severe ROP was no longer sig-
nificant (RR: 1.48; 95% CI: 0.87–2.52) (Fig. 1). Subjects
without PLCS were significantly more likely to survive
without severe BPD or severe ROP (RR: 1.54; 95% CI:
1.14–2.06).

Table 1 Patient demographics and characteristics

Post-ligation cardiac syndrome

Yes (n= 31) No (n= 69)

Gestational age (wk) 25.8± 2.2 25.8± 2.1

Birth weight (g) 740.0 [605.0,
953.0]

790.0 [660.0,
995.0]

SGA (%) 6 (19.4) 8 (11.6)

Age at admission (d)* 3.8± 6.9 10.9± 18.4

Male (%) 14 (45.2) 37 (53.6)

PDA size (mm) 2.7± 0.8 2.6± 0.8

LA Size (mm)* 9.6± 2.4 11.5± 3.3

NSAID (%) 23 (74.2) 51 (75.3)

IVH ≥ grade III (%) 10 (32.3) 13 (18.8)

NEC (%) 3 (9.6) 15 (21.7)

RSS (median (IQR))* 4.0 (3.0, 6.7) 3.1 (2.4, 4.8)

Duration of mechanical
ventilation (d)

15.0 (10.0, 22.0) 16.0 (10.0, 32.0)

Vasopressor (%) 5 (16.1) 6 (8.7)

Weight at ligation (g)* 970.0 (705.0,
1180.0)

1030.0 (900.0,
1470.0)

Postnatal age at ligation (d)* 19.5± 10.4 29.3± 19.1

Intraoperative fluids (ml/kg) 14.9± 9.1 19.4± 13.1

Respiratory support (%)

No support 0 (0.0) 1 (1.4)

Nasal cannula 0 (0.0) 5 (7.2)

CPAP 1 (3.2) 4 (5.8)

CMV 17 (54.8) 41 (59.4)

HFOV 13 (41.9) 18 (26.1)

Data are presented as median (interquartile range), mean± standard
deviation, or a number (percentage)

SGA small for gestational age, PDA patent ductus arteriosus, NSAID
nonsteroidal anti-inflammatory drug, IVH intraventricular hemorrhage,
NEC necrotizing enterocolitis, RSS respiratory severity score (MAP×
FiO2), CPAP continuous positive airway pressure, CMV conventional
mechanical ventilation, HFOV high frequency oscillatory ventilation

*P< 0.05

Table 2 Unadjusted neonatal outcomes

Post-ligation cardiac
syndrome

P

Yes (n= 31) No (n= 69)

Severe BPD (%) 21 (72.4) 31 (46.3) 0.02

Severe ROP (%) 16 (55.2) 20 (30.3) 0.02

Home oxygen therapy (%) 23 (82.1) 35 (53.8) 0.01

Death (%) 3 (9.7) 4 (5.8) 0.67

Data presented as a number (%)

BPD bronchopulmonary dysplasia, ROP retinopathy of prematurity
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There were 7 deaths prior to discharge in the cohort
(Table 2). Four deaths occurred prior to 36 weeks post-
menstrual age, 2 in each group respectively, and were thus
excluded from the analysis for the primary outcome. Sub-
jects who died prior to hospital discharge were not included
in the secondary outcomes analysis of need for home
oxygen and severe ROP unless surgical intervention for
ROP had occurred prior to death. As a result, all 7 patients
who died prior to hospital discharge were excluded from the
analysis of need for home oxygen therapy and 5 were
excluded from the analysis of severe ROP, 2 with and 3
without PLCS, respectively.

As both intraoperative fluid volume and anesthesia can
affect postoperative hemodynamics, intraoperative fluid
administration and sedation were analyzed. There was no
difference in the amount of intraoperative fluid volume per
body weight received between groups (14.9 ± 9.1 vs 19.4±
13.1, P= 0.12). Similarly, there was no significant differ-
ence between the dose per kilogram of intraoperative
sedation and paralytics between groups (data not shown).
Total length of hospitalization in days (130.4 ± 56.2 vs
123.7± 44.4, P= 0.52) and length of hospitalization from
ligation to discharge (110± 55.6 vs 94.3± 41.1, P= 0.18)
did not differ between groups.

Discussion

PDA ligation has been associated with neonatal morbidity,
including BPD and severe ROP [9–11, 13]. We performed
this hypothesis driven retrospective cohort study to examine
whether PLCS was positively associated with neonatal
short-term morbidities. We demonstrated that PLCS con-
tributes to increased neonatal pulmonary morbidity, in

keeping with our hypothesis. PLCS was not associated with
severe ROP.

The PDA with high volume left-to-right shunting
increases pulmonary blood flow potentially leading to
impaired gas exchange, an indication for surgical ligation.
In theory, removal of the ductal circulation will improve the
pulmonary mechanics of the patient and decrease the risk of
neonatal respiratory morbidity. In practice, however, the
results of a PDA ligation and pulmonary outcomes have
been mixed. Chang et al. [18] showed in an animal model
that pulmonary mechanics and alveolar surface area failed
to improve following PDA ligation. Similarly, Waleh et al.
[19] demonstrated an upregulation of genes associated with
pulmonary inflammation following PDA ligation in
baboons. Preterm infants have stiff, noncompliant left
ventricles relative to term counterparts. Diastolic dysfunc-
tion, which may be exacerbated by PDA ligation, may lead
to pulmonary venous congestion and further impair pul-
monary mechanics [20]. We postulate that these maladap-
tive pulmonary responses to PDA ligation, coupled with the
cardiovascular changes also seen, lead to pulmonary
decompensation in the immediate postoperative period. The
increased ventilator assistance necessary to support the
patient with PLCS may be the catalyst for increased pul-
monary morbidity as seen in our cohort. Although other
authors have shown an association between PDA ligation
and BPD [7, 10, 11, 13], it is unclear whether this asso-
ciation would continue to be found after removing patients
with PLCS from their respective analyses as this factor was
not controlled for in any study.

In addition to respiratory compromise, hypotension also
occurs frequently following PDA ligation. Evidence has
been emerging in recent years illustrating the causal path-
ways of this phenomenon. Clyman et al. found that cortisol
production, vital in the maintenance of normal blood pres-
sure, fails to increase adequately in response to surgical
stress in a subset of ligated patients. In these cases, low
serum cortisol values were secondary to failed signaling
from the developmentally immature hypothalamus-pituitary
axis rather than primary adrenal failure [21]. Unfortunately,
preoperative stress dose hydrocortisone did not reduce
cardiovascular instability following PDA ligation, suggest-
ing that other etiologies for post-ligation hypotension
existed [22]. McNamara et al. initially revealed that PDA
ligation abruptly alters the loading conditions of the heart
by increasing left ventricular afterload and reducing pre-
load, a fact subsequently confirmed by other authors [20,
23, 24]. These abrupt cardiovascular changes impair left
ventricular function and output with subsequent pulmonary
venous congestion and cardiopulmonary decompensation
[14]. These failed organ-specific responses to the stress of
PDA ligation, either in isolation or combination, lead to
hypotension.

Fig. 1 Adjusted RR (95% CI) for the primary and secondary out-
comes. BPD bronchopulmonary dysplasia, ROP retinopathy of
prematurity
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Identifying infants at high risk for PLCS is important
clinically and would be helpful in making decisions
regarding not only in whom to perform PDA ligation but
also to determine optimal timing so as to avoid both short
and long-term sequelae. Certain preligation factors,
including the degree of respiratory support prior to liga-
tion, gestational age, and postnatal age at surgery have all
previously been shown to be correlated with the devel-
opment of hypotension following surgical ductal ligation
[15, 16, 25]. Teixeira et al. [15] demonstrated the risk of
post-ligation hypotension to be lower if ligation was
delayed. Similarly, in our cohort, increasing postnatal age
at ligation, while potentially prolonging exposure to a
symptomatic PDA, did not increase the risk for cardio-
pulmonary instability. In fact, delaying ligation appeared
to be protective. One possibility is that patients without
PLCS were less ill prior to ligation, allowing surgical
intervention to be delayed. While the RSS was higher in
those with PLCS, the preligation duration and mode of
mechanical ventilation did not differ between groups. In
addition, other markers of preligation illness severity,
including NEC and severity of intraventricular hemor-
rhage, were not significantly different. We speculate that
delaying ligation may allow compensatory maturational
changes of the cardiovascular system and
hypothalamic–pituitary–adrenal axis thereby lessening the
risk of PLCS. Caution is encouraged when interpreting
these findings, as this study was not designed to investi-
gate the merits of delaying ligation. There may be many
untoward outcomes by delaying ligation in a patient with a
symptomatic PDA based solely on our results.

Milrinone is a phosphodiesterase 3 inhibitor that reduces
cardiac afterload and its targeted use following PDA liga-
tion can decrease the rate of post-ligation hypotension and
respiratory failure [14, 26]. It is not known whether pre-
vention of PLCS with milrinone improves neonatal out-
comes, but remains a promising therapeutic option for
patients with PLCS. Targeted milrinone therapy in select
patients with impaired left ventricular output after PDA
ligation is an exciting topic for future research and warrants
future investigation given the morbidities we have shown to
be associated with PLCS.

Contrary to prior authors, we did not see an association
between PLCS and mortality before discharge [25]. Harting
et al. [16] demonstrated a mortality rate of 33% among
surgically ligated neonates with postoperative hemody-
namic deterioration. The overall mortality in our study
population was only 7%, without a significant difference
between groups. Our patients may have been more hemo-
dynamically stable as only 11% were requiring vasopressors
preoperatively compared to 20% in the cohort of Harting
et al. [16]. In addition, our cohort was older at the time of
ligation, which potentially impacted survival.

Our findings must be interpreted with caution, as there
are certain limitations to our study. This was a retro-
spective study and is subject to the limitations of the
design, specifically the ability to control for all potential
confounders. The study was conducted at a single center
and lacked a standardized definition of what constitutes a
hemodynamically significant PDA. The center is a large
metropolitan referral center. Patients referred for PDA
ligation consideration came from many NICUs within the
referral area resulting in variable postnatal management
and a heterogeneous cohort. Despite these limitations, the
considerably high incidence of neonatal pulmonary mor-
bidity that occurred in patients with PLCS may have sig-
nificant clinical impact owing to the long-term
consequences of BPD on respiratory health and neurode-
velopmental outcomes. Additional investigations are nee-
ded to confirm our results and to ascertain which infants
are likely to develop PLCS.

Conclusion

In this retrospective review, PLCS was associated with
severe pulmonary morbidity, including severe BPD and
need for home oxygen therapy. PLCS was, however, not
associated with the development of severe ROP. The
increased respiratory support necessary to support the
patient with PLCS likely contributes to the increased pul-
monary morbidity seen in this study.
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