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OBJECTIVE: To identify risk factors associated with high-frequency ventilation (HFV) following deﬁnitive closure of the patent
ductus arteriosus (PDA).
METHODS: We performed a retrospective study of premature infants (<37 weeks) who were mechanically ventilated before and
after surgical or transcatheter PDA closure. Primary outcome was HFV requirement within 24 h of procedure. Logistic regression was
used to estimate clinical associations with post procedure HFV requirement.
RESULTS: We identiﬁed 110 infants who were mechanically ventilated before PDA closure, of which 48 (44%) escalated to HFV
within 24 h after closure. In the multivariable model, surgical ligation (OR 21.5, 95% CI 1.6–284), elevated Respiratory Severity Score
(RSS) 1 h post-procedure (OR 1.78, 95% CI 1.07–2.99) and 12 h post-procedure (OR 2.12, 95% CI 1.37–3.26) were independent
predictors of HFV.
CONCLUSION: Surgical ligation and elevated RSS values over the ﬁrst 12 h after PDA closure are risk factors for HFV.
Journal of Perinatology; https://doi.org/10.1038/s41372-021-01226-z

INTRODUCTION
Preterm infants are often referred for deﬁnitive closure of the
patent ductus arteriosus (PDA) with failure of, or contraindication
to pharmacologic interventions and the inability to wean
mechanical ventilation [1]. Following PDA closure many neonates
have improved lung compliance, but temporal derangements in
cardiopulmonary status with alterations in loading conditions
occur in a subset of preterm infants who undergo surgical ligation
(SL) or transcatheter closure (TCPC) [2, 3]. Upstream impact on the
pulmonary vasculature following deﬁnitive closure of the PDA can
lead to respiratory decompensation with subsequent escalation to
high-frequency ventilation (HFV) in extremely preterm infants [2].
The ability to predict which infants will demonstrate favorable
improvement in pulmonary mechanics following deﬁnitive closure
is hampered by difﬁculties identifying the proportion of respiratory insufﬁciency that is related to the hemodynamic signiﬁcant
PDA versus other risk factors associated with prematurity, such as
evolving chronic lung disease and prolonged mechanical
ventilation.
Echocardiography has been utilized to assess cardiovascular
compromise following deﬁnitive closure of the PDA [1], but there
remains a paucity of non-invasive respiratory markers that are
linked to the observed changes in oxygenation and ventilation.
Historically, the oxygen index: (OI = mean airway pressure ×
fraction of inspired oxygen × 100/PaO2) was utilized to assess the
severity of respiratory illness, direct interventions, and evaluate
response to therapies such as surfactant, HFV and inhaled nitric

oxide [4–6]. In contemporary practice, the routine placement of
arterial lines in premature infants is infrequent [7–9], precluding
routine calculation of OI and subsequent risk stratiﬁcation.
Respiratory severity score (RSS) is calculated as the product of
mean airway pressure (Paw) and fraction of inspired oxygen (FiO2),
and has been validated as a noninvasive surrogate for OI in
newborn infants [10]. Furthermore, RSS has been used to assess
the degree of respiratory failure in premature infants [11] as well
as categorize the severity of respiratory disease before and after
SL [12–15] and transcatheter closure [16–19] of the PDA. While
recent studies have separately compared respiratory outcomes
with escalation to HFV [2] and changes in RSS [20] between infants
who underwent SL or TCPC [20, 21], there is no combined data on
RSS to guide escalation of respiratory support with HFV for timely
individualization of the mechanical ventilation approaches following deﬁnitive closure of the PDA. Accordingly, the objective of this
study was to identify risk factors that may be associated with HFV
following deﬁnitive closure of the PDA in premature infants.
METHODS
Study population
We performed a retrospective analysis of all premature infants born
<37 weeks gestational age who received invasive mechanical ventilation
before and after deﬁnitive closure of the PDA with either SL or TCPC from
2014–2020 at Boston Children’s Hospital. Patients were included if they
were on invasive mechanical ventilation before and after deﬁnitive closure
of the PDA. We excluded infants with complex congenital heart disease
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(except insigniﬁcant ventricular septal defects or atrial septal defects),
known genetic or congenital anomalies, infants on non-invasive mechanical ventilation and those who did not undergo deﬁnitive PDA closure. The
institutional review board of Boston Children’s Hospital approved
the study.
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Respiratory outcomes
The enrolled subjects were divided into 2 groups according to the
presence or absence of HFV in the 24 h following PDA procedure. Our
primary outcome of interest was deﬁned as the receipt of HFV within 24 h
following ligation or device closure. We chose this time frame because
previous reports have observed hemodynamic compromise with deﬁcits in
oxygenation and ventilation between 6 and 24 h following the procedure
[22–24]. Secondary outcomes included oxygenation failure, deﬁned as an
increase in Paw (cm H2O) or FiO2 by 20% of pre-procedure value for ≥1 h;
ventilation failure, deﬁned as an escalation to HFV or increase of highfrequency jet ventilation (HFJV) peak inspiratory pressure or high
frequency oscillation ventilation (HFOV) ΔP by 20% for ≥1 h; hypotension
deﬁned as initiation of a new vasoactive agent or a 20% increase of preligation dose for ≥1 h; and (d) Post Cardiac Ligation Syndrome: deﬁned as a
composite outcome including the presence of hypotension, oxygenation
failure and ventilation failure [25].
All data were collected using a structured form and entered into a
clinical registry database created in REDCap (Vanderbilt University,
Nashville, TN). Demographic data along with perinatal and clinical factors
prior to PDA procedure were collected from the medical record of each
participant. Ventilator parameters, physiologic variables, and clinical
characteristics were extracted from the medical record over ﬁve epochs:
pre-procedure, post-procedure, and 6, 12, and 24 h post-procedure. RSS
was calculated as the product of mean airway pressure and FiO2 [10]. As a
standard of care, infants were managed with conventional mechanical
ventilation (CMV) using either pressure-controlled or volume-targeted
modes of ventilation. In our institution, HFJV and HFOV are reserved for
rescue therapy in the setting of severe respiratory failure (pH < 7.25, PCO2
> 60 mmHg, or hypoxia, sustained FiO2 > 60%) refractory to maximal lung
protective CMV strategies and have been described in previous publications [26, 27]. The type of HFV and timing of transition was left to the
discretion of the medical team.

the ﬁnal model [29, 30]. Receiver operating characteristic (ROC) curves
were constructed to determine cutoff values at 1 h, 6 h, 12 h post
procedure for RSS with the best sensitivity and speciﬁcity to predict the
need for HFV. Data analysis was performed with SPSS Statistics 24 (IBM,
Armonk, NY) and Stata version 16 (StataCorp LLC, College Station, TX). All
tests were two-sided and P values < 0.05 were considered signiﬁcant.
Power analysis indicated that the sample sizes of patients requiring and
not requiring HFV post procedure (n = 48 and n = 62) provided 90% power
to detect a 30% or larger difference in RSS pre-procedure and 1, 6 and 12 h
post using the Wilcoxon rank sum test (G*Power version 3.1, University of
Dusseldorf, Germany) [31].

RESULTS
Demographics
From 2014–2020, a total of 168 infants underwent deﬁnitive PDA
closure at Boston Children’s Hospital (Boston, Massachusetts, USA).
We identiﬁed 110 infants that underwent mechanical ventilation
before and after PDA procedure, of which 48 (44%) received HFV
and 62 (56%) received CMV post procedure. Of the 110, 88
underwent SL (n = 44 received HFV and n = 44 received CMV) and
22 underwent TCPC (n = 4 received HFV and n = 18 received
CMV). We were able to perform a 4:1 case-control matched
analysis between SL and TCPC (Fig. 1-Supplementary Information).
Pre-procedure demographic and clinical characteristics are
presented in Table l. Respiratory mechanics and hemodynamics
variables are presented in (Tables 1 and 2-Supplementary
Information), respectively.
Pre-procedure respiratory variables
Infants transitioned to HFV post procedure had higher median
pre-procedure RSS (4 vs. 3.4, P = 0.027), FiO2 (0.37 vs. 0.30, P =
0.001) and mandatory frequency (40 vs. 31 breaths/min, P < 0.001)
compared to those who remained on CMV. In the HFV group there
was a smaller median ductal diameter (2.5 mm vs. 3 mm, P =
0.014) and younger age at PDA closure (19d vs. 25d, P = 0.03)
(Table 1).

Deﬁnitive closure of the PDA
All PDA ligations were performed in the operating room by a pediatric
cardiothoracic surgeon in our hospital. Surgical ligation was accomplished
via left thoracotomy and placement of a clip or ligature on the PDA. Prior
to May 2019, SL was the primary method of deﬁnitive closure in preterm
infants; thereafter, but following the 2019 US Food and Drug Administration (FDA) approval of the Amplatzer PiccoloTM Occluder (Abbott Structural
Heart, Plymouth, MN, USA) for catheter-based closure for PDA in extremely
low birth weight infants, all infants meeting criteria underwent TCPC in the
cardiac catheterization laboratory by pediatric interventional cardiologists
[28]. When the FDA-approved criteria for TCPC closure were not met,
patients underwent a SL Criteria for TCPC eligibility included infants >
3 days of age, >700 grams at time of closure, no evidence of cortication of
the aorta or left pulmonary artery stenosis, no active infection, no
intracardiac thrombus, or evidence of cardiac output dependence on right
to left shunt through the PDA [28]. An appropriately sized transcatheter
device to close the PDA was delivered with the use of venous access alone
and deployed under transthoracic echocardiogram and ﬂuoroscopic
guidance.

Statistical analysis
Descriptive statistics were used to summarize perinatal and postnatal
characteristics for infants in the study. Since the data were not normally
distributed the Wilcoxon rank sum test was used for comparison of
continuous variables. Categorical variables were summarized using
frequencies, percent’s or proportions and compared using chi-square or
Fisher’s exact test as appropriate. Our primary goal was to examine the
relationship between exposure to deﬁnitive PDA closure and subsequent
escalation to HFV after closure. Post procedural HFV requirement was
deﬁned as a binary variable: received HFV within 24 h of PDA procedure.
Univariate analysis was used to estimate the association of RSS and clinical
characteristics with post procedure HFV requirement. For the multivariable
model, backwards, step-wise logistic regression was performed to adjust
for confounders and variables with a P value of >0.10 were removed from

Post-procedure respiratory variables
Eight infants were ventilated with HFV (HFJV, n = 6, and HFOV, n
= 2) prior to PDA procedure, of which two were transitioned to
CMV following the procedure and returned to HFV within 12 h.
Forty subjects (36%) who were initially managed with CMV postprocedure escalated to HFV with 24 h of PDA closure. Following
PDA procedure, 48 infants received HFV within 24 h; (HFJV n = 38,
and HFOV, n = 10). These infants were characterized by progressive elevation of median RSS from pre-procedure through 24hours. In addition, Paw and FiO2 at 6, 12, and 24 h post-procedure
were higher compared with the CMV cohort (P < 0.05 at all
time points). Median pH was lower in the HFV group from 6 h
through 24 h post-procedure (P < 0.05 at all time points)
(Table 1-Supplemenary Information).
Primary respiratory outcome
For the univariate analysis, clinical characteristics associated with
post procedure HFV included PDA closure technique, gestational
age, postnatal age at PDA closure, ductal diameter, male sex, post
menstrual age at admission and RSS from admission through 12 h
(Table 2). In the multivariable analysis, after adjustment for
confounders, older gestational age at birth and later postnatal age
at PDA procedure were protective against HFV. In contrast,
surgical ligation, elevated RSS at 1 and 12 h post procedure were
independent predictors of HFV (Table 3). The ranges of RSS for
individual infants were 1.47–18.5 and 1.89–17 for 1 h and 12 h
post procedure. Predicted probability of HFV for all subjects
according to RSS at 1 and 12 h are presented in (Fig. 1). Receiver
Operator Curves analysis was utilized to determine speciﬁc cutoff
values of Respiratory Severity Score (RSS) in predicting need for
post-procedure HFV. An RSS cut-off value > 4 detected HFV
Journal of Perinatology

C.R. Wheeler et al.

3
Table 1.

Table 2.

Pre-procedure Characteristics.
P value

HFV
(n = 48)

CMV
(n = 62)

Gestational age at
birth, weeks

25 (24, 26)

26 (24, 27)

0.010

Birthweight, kg

0.72
(0.59, 0.82)

0.77
(0.65, 0.90)

0.073

27 (25, 29)

29 (27, 32)

<0.001

Variable

Univariate Comparison by mode of ventilation after PDA

closure.
Variable

HFV after
procedure
(n = 48)

Neonatal variables

Age at closure, days
Sex (Female)

16 (33)

34 (55)

0.034

Surfactant
administration

46 (96)

55 (89)

0.29

CMV after
procedure
(n = 62)

P value

PDA closure technique
TCPC

4 (8%)

18 (29%)

SL

44 (92%)

44 (71%)

Gestational Age
(weeks)

25 (24, 26)

26 (24, 27)

Weight (kg)

0.72 (0.59, 0.82)

0.77 (0.65, 0.90)

0.073

Day of life at PDA
closure

19 (14, 26)

25 (18, 41)

0.003

27 (25, 29)

29 (27, 32)

<0.001

34 (55)

Multiple gestation

15 (31)

13 (21)

0.27

Cesarean

32 (67)

46 (74)

0.40

Age at
closure (days)

0.008
0.010

Antenatal Steroids

29 (60)

40 (65)

0.69

Sex

Arterial access for
procedure

17 (35)

14 (23)

0.38

Female

16 (33)

Male

32 (67)

28 (45)

Diameter of
duct (mm)

2.5 (2, 3)

3 (2.5, 3.5)

0.014

Maternal complications

0.034

Preeclampsia

4 (8)

12 (19)

0.18

Maternal diabetes

2 (4)

2 (3)

0.99

3.4 (2.7, 4.8)

0.027

6 (13)

9 (15)

0.99

RSS pre
procedure

4.0 (3.1, 6.0)

Chorioamnionitis

3.4 (2.5, 4.5)

0.006

12 (7, 23)

19 (8, 27)

0.075

RSS post
procedure

4.3 (2.9, 6.5)

Days of mechanical
ventilation

RSS 6 h

5.5 (3.6, 7.6)

3.3 (2.5, 5.2)

<0.001

RSS

4 (3–6)

3.4 (2.7–4.8)

0.027

RSS 12 h

6.3 (4.4, 8.4)

3.3 (2.7, 5.0)

<0.001

10 (9–12)

10 (9–12)

0.56

0.37 (0.3–0.5)

0.30
(0.25–0.30)

0.001

Data are presented as median (interquartile range) or number (percentage).
PDA patent ductus arteriosus, HFV high frequency ventilation, CMV
conventional mechanical ventilation, SL surgical ligation, TCPC transcatheter PDA closure.
P values were calculated using Fisher’s exact test or the Wilcoxon rank sum
test, as appropriate.

Respiratory variables

Paw, cm H2O
FiO2
PIP, cm H2O

22 (20–25)

21 (19–23)

0.31

Respiratory rate,
breaths/min

40 (31–40)

31 (28–37)

<0.001

Pharmacologic
managementa

45 (94)

47 (76)

0.018

Age at PDA
closure, days

19 (14, 26)

25 (18, 41)

0.003

4 (8)
44 (92)

18 (29)
44 (71)

0.008

32 (67)

45 (73)

0.54

PDA characteristics

Method of closureb
TCPC
SL
Dilated LA

Table 3.

Multivariable analysis by mode of ventilation after PDA

closure.
Covariate

P value

Adjusted
odds ratio

95% CI

TCPC

Reference

.

SL

21.5

(1.62, 284)

0.018

(0.30, 0.85)

0.009

PDA Closure Technique
.

Dilated LV

35 (73)

44 (71)

0.050

Systolic
gradient, mm Hg

19.5
(14–25.5)

20 (15–29.5)

0.31

Gestational Age
(weeks)

Flow reversalc

32 (67)

45 (73)

0.50

Age at closure (days)

0.9

(0.85, 0.97)

0.003

RSS 1 h post
procedure

1.78

(1.07, 2.99)

0.027

RSS 12 h post
procedure

2.12

(1.37, 3.26)

<0.001

Diameter of duct, mm

2.5 (2, 3)

3 (2.5, 3.5)

0.014

Diameter of duct,
mm/kg

2.3 (1.8–3.2)

2.1 (1.4–3)

0.19

Data are presented as median (interquartile range) or n % for categorical
variables.
CMV conventional mechanical ventilation, HFV high-frequency ventilation,
TCPC transcatheter PDA closure, SL surgical ligation, LA left atrium, LV left
ventricle, Paw mean airway pressure.
P values were calculated using Fisher’s exact test or the Mann-Whitney
U test.
a
Pharmacologic management was deﬁned as at least one course of
Indocin, Ibuprofen, or Tylenol prior to deﬁnitive closure.
b
SL was the primary method of deﬁnitive closure in all subjects before
2019; thereafter all infants meeting criteria underwent TCPC in the
catheterization laboratory.
c
Flow reversal is deﬁned as echocardiographic observation of ﬂow reversal
during diastole in the descending aorta.
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0.51

PDA patent ductus arteriosus, RSS respiratory severity score, HFV high
frequency ventilation, TCPC transcatheter PDA closure.

requirement at 1 h with a sensitivity of 56% and speciﬁcity of 68%,
AUC 0.652 (95% CI, 0.55–0.76), and increased by 12 h to 85% and
67%, AUC 0.808 (95% CI, 0.725–0.89).
Secondary cardiopulmonary outcomes
We assessed secondary outcomes including systolic hypotension
(deﬁned as initiation of a new vasoactive agent or a 20% increase
above pre-ligation dose for ≥1 h), escalation of mechanical
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Table 4.

Components of post ligation cardiac syndrome.
HFV
(n = 48)

P

Variable

CMV
(n = 62)

PIP > 20%

6 (9%)

3 (6%)

0.72

Paw >20%

11 (18%)

22 (46%)

0.001

FiO2 > 20%

43 (69%)

40 (83%)

0.12

Hypotension

12 (19%)

15 (31%)

0.18

PLCS

2 (3%)

8 (17%)

0.019

Data are presented as n (%).
CMV conventional mechanical ventilation, HFV high-frequency ventilation,
PIP peak inspiratory pressure, Paw mean airway pressure, FiO2 fraction of
inspired oxygen, PLCS post cardiac ligation syndrome.

Fig. 1 Predicted probability curves of high-frequency ventilation
according to Respiratory Severity Score (RSS) were derived using
logistic regression. RSS ranges for individual subjects were
1.47–18.5 and 1.89–17 for 1 h and 12 h post procedure.

ventilation parameters (>20% increase in PIP, Paw and FiO2) within
24 h of PDA closure. Escalation of PIP (CMV or HFJV) and HFOV ΔP
was similar between the CMV and HFV groups (P = 0.72) Table 4.
Elevation of Paw was more commonly observed in the HFV group
46% vs. 18% for CMV (P = 0.001). There was no difference
between groups with increased FiO2 (P = 0.12) and presence
of hypotension (P = 0.18). Although PLCS was present in
both groups, it occurred more frequently in the HFV group
compared with infants who received CMV (n = 8, 17% versus
n = 2, 3%, P = 0.019). At 1 h post-closure heart rate and blood
pressure were similar between the CMV and HFV groups
(Table 2-Supplementary Information).
DISCUSSION
Deﬁnitive closure of the PDA can lead to alterations in
cardiopulmonary status in some extremely preterm infants with
observed escalation of hemodynamic and respiratory support. The
main ﬁndings of this retrospective case-control study are: (1) a
non-invasive measure of pulmonary severity, RSS, at 1 and 12 h
were independent predictors of post procedure requirement of
HFV; and (2) the odds of receiving HFV following SL were 21-fold
higher compared TCPC. The post intervention course can be
complicated by oxygenation failure and serial RSS measurements
may compliment current clinical and imaging approaches to
anticipate and stratify risk for phenotypically respiratory decompensation following procedures to close the PDA.
Changes in respiratory mechanics has necessitated use of HFV
following deﬁnitive closure of the PDA, with a reported prevalence
ranging from 37 to 67% [12, 14], and consistent with our own
ﬁndings of 44% of infants needing HFV following closure. Serrano
et al. described post-procedural HFV requirement between SL and
TCPC, and found that 20% of infants who underwent SL received
HFV as opposed to none in the TCPC group, with the SL group
demonstrating a higher post-procedural FiO2 (0.64 vs. 0.43,
P = .004) and a larger total change in peak FiO2 (0.23–0.9,
P = .008) [2]. These results underscore our ﬁndings that infants
who had SL represented 92% of those who subsequently
escalated to HFV within 12 h of surgery: SL 50% (n = 44/88)
compared with 18% (n = 4/22), as the odds of receiving HFV
following SL were 21-fold higher compared to TCPC. Similarly,
other investigators have not only described a lower need for
hemodynamic support [2], but also favorable improvements in
cardiopulmonary outcomes with more rapid respiratory recovery
[17, 21] and shorter duration of mechanical ventilation in infants
who underwent TCPC. While some speculate that the more
favorable cardiopulmonary outcomes observed following TCPC
may be directly related to the absence of thoracotomy rather than

PDA closure itself, there remains evidence of PLCS following TCPC
[2, 3]. The changes in the heart following SL are likely different
than following TCPC and compounded by the disruption of
respiratory mechanics following thoracotomy and the need for
manual retraction of the left lung to access the PDA, a process that
may induce further trauma to the fragile surfactant deﬁcient lung
tissue. Moreover, compression of the left lung may result in
cytokine cascades, activation of inﬂammatory pathways, coupled
with additional alveolar stretch and barotrauma of the right lung
in an attempt to maintain adequate oxygenation and ventilation.
Escalation of mechanical ventilation settings and FiO2 increases
the risk of hyperoxia mediated lung damage, can exacerbate
underlying lung disease, and contributes to ventilator induced
lung injury [32]. Collectively, these observations add to the
burgeoning body of literature that is suggesting TCPC may afford
appreciable beneﬁts in post procedural respiratory mechanics
over SL.
The ability to predict escalation of respiratory support following
deﬁnitive closure is critical and may allow for timely individualization of the ventilation strategy in this high risk population. To our
knowledge, this study is the ﬁrst to utilize serial RSS measurements before and after deﬁnitive PDA closure to assess respiratory
severity and subsequent escalation to HFV. RSS has been shown to
have a strong linear correlation to OI [10], and is a validated noninvasive metric to assess the severity of respiratory failure in
premature infants undergoing mechanical ventilation [11]. Multiple studies have utilized RSS to characterize derangements in
oxygenation and ventilation status following PDA ligation [12–
15, 20, 21] or transcatheter closure [16–21], but none have focused
only on determining the need for HFV after deﬁnitive closure with
comparisons between both interventions. Francis and colleagues
evaluated temporal trends in respiratory and cardiovascular
morbidity within 48 h of SL and reported signiﬁcant escalation
of RSS from pre-operative value of 4.6 (3–6.1) to 6 (3.5–8); a ﬁnding
that persisted until 12 h, before returning to baseline [15].
Sathanandam et al. conducted a propensity score analysis that
compared respiratory outcomes between infants who underwent
SL or TCPC, and demonstrated that infants who underwent TCPC
were characterized by lower delta change between pre and post
procedure RSS (18% vs. 76%, P < 0.01), a more rapid return to
baseline RSS (8 vs. 28 h, P < 0.01) and extubated earlier (14 vs.
26 days, P < 0.01) than their surgical counterparts [20].
The identiﬁcation of a cut-off value of RSS is critical to detect
respiratory compromise in preterm infants and several recent
studies have explored cut-off values during over the ﬁrst month of
age [33–36] that were associated with morbidity and mortality in
extremely preterm infants. Shah et al. divided RSS into 3 risk strata:
<2 (low), 2-5 (moderate) and >5 (high), and demonstrated an
increased odds of severe morbidity and mortality for infants in
both the moderate OR 3.1 (1.7–5.4) and high-risk strata OR 4.5
(2.5–8.2). Interestingly, infants who ultimately required medical or
Journal of Perinatology
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surgical treatment for PDA comprised around 50% of both
moderate and high risk strata [33]. Bhattacharjee and colleagues
showed that a cut-off > 4 was associated with death prior to
36 weeks PMA [34]. Similarly, Jung et al. found that cut-off values
between 3 and 4 over the ﬁrst month of age was associated with
severe BPD or death during the neonatal period [35]. Malkar et al.
found that cut-off value > 6 at 30 days of age was associated with
increased mortality [36]. Lagatta et al. showed that among infants
with severe BPD requiring mechanical ventilation at 36 weeks’
postmenstrual age, PH was associated with a more than four-fold
increase in RSS. These contemporary ﬁndings compliment the
observation in our study that a RSS > 4 was independently
associated with post procedure HFV.
Severe cardiopulmonary instability with respiratory insufﬁciency
and systemic hypotension can often be seen in the period
following deﬁnitive closure of the PDA, described as a form of low
cardiac output syndrome or post ligation cardiac syndrome (PLCS)
[13, 23, 37–41]. PLCS is associated with increased mortality [23]
and morbidity [22] with risk factors including earlier age at ligation
[37], lower birth weight [42], younger gestational age [42–44],
large PDA [39], and level of preoperative cardiorespiratory support
[25, 44, 45]. In this study we observed that each additional week of
gestational age and day of postnatal age at deﬁnitive PDA closure
by SL or TCPC conferred protection from HFV, further supporting
these previous risk factors. In addition, male sex was also
associated with use of HFV; consistent with evidence showing
female infants have lower respiratory morbidity and mortality
compared to their male counterparts [46].
These ﬁndings may have important clinical implications for
extremely preterm infants following deﬁnitive closure of their
PDA. The management strategy of PCLS strives for prevention
with identiﬁcation of the baseline preoperative risk factors in
conjunction with early modulation of the postoperative physiology of elevated afterload, reduced preload, systolic and diastolic
dysfunction and the upstream impact on the pulmonary
vasculature [3, 47]. The major emphasis to prevent instability
has focused on modulating echocardiographic evidence of low
cardiac output with initiation of targeted prophylaxis of milrinone
within 1 h following closure [25]. While this approach has been
shown to decrease the incidence of PLCS, many centers do not
utilize targeted afterload reducing medications or obtain echocardiograms within 1 h following deﬁnitive closure. Reliance on
traditional markers of cardiac output (e.g., heart rate and blood
pressure) also has limitations; in this study there were no
differences at 1 h following closure of the PDA. Furthermore, the
hemodynamics approach neglects the respiratory phenotype
following deﬁnitive closure. As such, the clinical impact of this
study lies in the identiﬁcation of a non-invasive respiratory
severity cut-off that may be more adaptable across patients and
centers, and serve as another identiﬁable risk factor for
cardiopulmonary instability following deﬁnitive closure.
The strengths of this study need to be interpreted within the
framework of its limitations. Causality cannot be proven from the
retrospective, nonrandomized design and the association between
RSS value and post-procedural HFV may be related to practice
variation, chance, random error, bias or other confounding factors.
Moreover, we included 8 infants who were managed on HFV before
PDA closure, which likely inﬂuenced then need for HFV post
procedure. However, we thought it was clinically relevant to
describe the risk factors and range of RSS values for all HFV
managed infants (pre and post procedure). Future studies with welldeﬁned populations are needed to understand if it’s the common
preterm related co-morbidities or their associations reﬂecting the
clinical effects of related risk factors on this high-risk population of
preterm infants. Despite the small sample size, we veriﬁed that the
effect on the primary outcome persisted despite adjustment for
known confounders such as sex, gestational age, birthweight and
PDA characteristics. Although prospective randomized controlled
Journal of Perinatology

studies would be ideal to identity respiratory or cardiac risk factors
that impact escalation of support following deﬁnitive closure,
randomizing between SL or TCPC lacks equipoise in several centers
where TCPC has become standard of care. Future work is needed to
explore other study designs (e.g., propensity score matching or
prospective case control) to minimize potential for bias related to
account for known confounders or temporal changes in baseline
management [48]. We evaluated short-term outcomes, but were not
able to evaluate important long-term outcomes including BPD
[49, 50], associations with pulmonary hypertension [16], survival
without severe morbidity, and neurodevelopment as most infants
(75%) were transferred back to referring institutions before these
outcomes could be quantiﬁed. To capture these important longterm outcomes in future projects, we are in the process of
completing data use agreements with referral hospitals.
CONCLUSION
The respiratory phenotype associated with deﬁnitive closure of
the PDA is clinically characterized by changes in both oxygenation
and ventilation, and may prompt escalation to HFV in extremely
preterm infants. We found that a RSS cut-of greater than 4 at 1
and 12 h following closure was associated with the need for HFV,
with additional risk factors including SL and male sex. Each
additional week of gestational age and day of postnatal age at
deﬁnitive PDA closure by SL or TCPC conferred protection from
HFV, supporting previously identiﬁed risk factors of post
cardiopulmonary instability. While future prospective studies are
needed to conﬁrm these results, an elevated RSS at one hour
following closure may compliment current clinical and imaging
modalities to promote early identiﬁcation of the respiratory
phenotype of PLCS with the overall goal of optimizing respiratory
support following deﬁnitive PDA closure.
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