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Abstract: Invasive interventions have been conducted in preterm infants with significant patent
ductus arteriosus (PDA) when medical treatment has failed, and methods of invasive intervention
have been reported. Surgical ligation via lateral thoracotomy has been a well-established procedure
for decades. Recently, transcatheter occlusion has been safely and feasibly applied to the premature
population. However, little research has been conducted on the benefits of transcatheter occlusion
in very-low-birth-weight (VLBW) infants compared to surgical ligation. This study compared
transcatheter and surgical techniques in VLBW infants in terms of short-term respiratory outcomes.
The medical records of 401 VLBW infants admitted to a tertiary hospital between September 2014 and
January 2019 were retrospectively reviewed. Patients who were diagnosed with a congenital anomaly,
a chromosomal anomaly, or congenital heart disease, except for an inter-atrial shunt, were excluded.
The perinatal conditions, neonatal morbidities, periprocedural vital signs, and respiratory support
trajectories were compared between the transcatheter-treated and surgically ligated group. A total of
31 eligible VLBW infants received invasive intervention: 14 were treated with transcatheter occlusion
(Group A), and 17 infants were treated with surgical ligation (Group B). Respiratory outcomes were
not statistically significant between the two groups, despite Group A showing a trend toward early
improvement in post-intervention respiratory trajectory. In this small case study, a different trend in
post-intervention respiratory trajectories was observed. Future research with larger case numbers
should be conducted to address our preliminary observations in more detail.

Keywords: patent ductus arteriosus; prematurity; transcatheter; ligation; respiratory trajectory

1. Introduction

The ductus arteriosus is a vessel between the pulmonary circulation and systemic cir-
culation in a fetus [1]. In most term infants, the ductus arteriosus closes spontaneously [2].
However, the spontaneous closure rate is inversely related to gestational age in premature
infants, ranging from 13% to 98% [3]. Patent ductus arteriosus (PDA) among premature
infants plays a role in hemodynamic instability and may be responsible for prematurity-
related complications [4,5]. Persistent PDA has been associated with prematurity-related
complications, such as pulmonary hemorrhage [6,7], chronic lung disease [8,9], intraven-
tricular hemorrhage [10–12], renal dysfunction, necrotizing enterocolitis [13], neurological
impairments [14], and mortality [5,15].

Supportive therapy or medical therapy is the initial strategy for PDA management [16].
However, invasive interventions have been required for hemodynamic-significant PDA
(HS-PDA) when medical treatment has failed [17,18]. To date, invasive interventions for
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PDA have included surgical ligation or transcatheter occlusion. Surgical ligation for PDA
in preterm infants was first reported in 1970 [19,20], and it has been well developed and
reported to reduce mortality in extremely premature infants [21]. Surgical ligation has been
a well-established procedure for decades [17,22,23]. However, re-expansion pulmonary
edema [24], decreased lung compliance, vocal cord paralysis, and diaphragmatic paralysis
after surgical ligation have all been reported [25–28].

Recently, transcatheter occlusion for PDA has established itself as a method used in
term infants, but it has also recently been applied to the premature population [29–31].
Research has shown no difference in success rates between transcatheter occlusion and
surgical ligation [31]; however, earlier respiratory improvements have been scantly reported
for transcatheter occlusion compared to surgical ligation [32,33]. The pulmonary benefits
of transcatheter occlusion deserve more research attention.

The authors of this study have previously reported the feasibility of transcatheter
occlusion for very-low-birth-weight (VLBW, birth bodyweight ≤ 1500 g) infants of this
study unit [34]. This current study was conducted to investigate the short-term respiratory
outcome of preterm infants who received transcatheter occlusion or surgical ligation.

2. Materials and Methods
2.1. Study Design

The study aimed to identify the differences in the short-term respiratory outcomes
of VLBW infants between two invasive interventions for PDA in VLBW infants: surgical
ligation and transcatheter occlusion. The medical records of VLBW infants admitted to
the National Cheng Kung University Hospital from September 2014 to January 2019 were
retrospectively reviewed. VLBW infants who received invasive intervention, surgical
ligation, or transcatheter occlusion for PDA were included. Infants with a congenital
anomaly, a chromosomal anomaly, or congenital heart disease, except for an inter-atrial
shunt, were excluded.

Since 2014, a group of interventionalists based at this institution have offered an
alternative choice to surgical ligation for HS-PDA. While HS-PDA is oftentimes treated by
means of a surgical ligation, a shared decision-making process were offered to the infant’s
family. The procedure and potential risks were clearly explained by an interventionalist
as well as by a surgeon. Following the family’s choice regarding surgical ligation or
transcatheter occlusion, informed consent was obtained for the procedure.

After reviewing their medical records, the infants were divided into a transcatheter
occlusion group (Group A) and a surgical ligation group (Group B). The study proto-
col was approved by our Institutional Review Board (protocol code A-ER-109-137, date:
30 April 2020).

2.2. Study Setting

This study was conducted in a 20-bed tertiary neonatal intensive care unit (NICU)
at the National Cheng Kung University Hospital in Tainan, Taiwan. The care volume
of this unit is approximately 350–400 neonates, treated yearly, including approximately
70–80 VLBW infants. Admitted infants are regularly cared for by two neonatologists, two
residents, and one nurse practitioner.

2.3. Variable Collection or Definition
2.3.1. Clinical Variables

The basic demographic data comprise sex, gestational age, and birth bodyweight.
Age, body weight, medical condition, and respiratory data before and after the procedure
day were recorded. Respiratory data included a fraction of oxygen (FiO2), mean airway
pressure (for positive ventilation), and mode of ventilator settings.
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2.3.2. Definition of HS-PDA and the Procedure of Interventions

Invasive interventions for PDA in VLBW infants were decided when the hemodynamic
significance of PDA persisted after the failure or contraindication of medical therapies.
Criteria for determining a hemodynamically significant PDA were as follows: (1) a cardio-
vascular disease score ≥ 3 [35], (2) a pulmonary edema diagnosed on a plain chest film,
(3) a pulmonary hemorrhage, (4) an enlarged left atrium with a left atrium to aortic root
ratio (LA/Ao ratio) greater than 1.3, and (5) increased pulmonary venous flow.

Surgical ligation was regularly performed in the NICU of the study setting. Infants
were intubated, sedated, treated to control pain, and closely monitored for vital signs by
anesthesiologists. Continuously monitored vital signs included heart rate, respiratory rate,
blood pressure, and oxygen saturation.

Transcatheter occlusion was performed in two steps, as described in our previous
report [34]. First, we performed either femoral or umbilical venous cannulation with a 4 Fr
sheath in the NICU on a warmer to prevent excessive heat loss, with close monitoring via
intensive care monitors. Infants were lightly sedated with midazolam, and pain control
was managed with fentanyl. For infants who breathed room air or used a nasal cannula,
we applied continuous positive airway pressure (CPAP) on them during the procedure
because of their sedated state, and we also ensured that they could tolerate the ventilation
strategy under monitoring; for other infants, the ventilation strategy maintained was the
same. Second, after vascular access was established, the infant, together with the warmer,
was transferred to the catheterization laboratory and transcatheter treatment began, as the
authors previously reported [34].

2.3.3. Primary Outcome: Post-Intervention Respiratory Trajectory

The pulmonary score was set to represent respiratory trajectory as the reference [36].
A pulmonary score was calculated for every infant before their procedure (Day 1), on the
procedure day (Day 0), and every 24 h after the procedure (Day 1–Day 10) (12 days in total).
This score summarized a weighted sum of respiratory support and medical therapies. A
higher score represented higher respiratory support. Changes in the two groups were
compared from Day 1 to Day 10 (12 days in total).

Successful weaning from mechanical ventilation was defined as spontaneous breathing
without a ventilator for three consecutive days. Weaning from oxygen support was defined
as successful maintenance of oxygen saturation at more than 90% under room air for three
consecutive days.

2.4. Statistic Analysis

Categorical data were reported as proportions or percentages. Continuous variables
were reported as means ± standard deviations or median (interquartile range). Categorical
variables were tested using the chi-square test or Fisher’s exact test for proportions. Con-
tinuous variables were tested using the Shapiro–Wilk test for normal distribution and t-test
to compare means if the variables were normally distributed, and a Mann–Whitney U test
was used if they were not. Statistical significance was set at p < 0.05.

3. Results

The medical charts of 401 VLBW infants were reviewed, and 31 eligible preterm infants
were found to undergo PDA intervention during this period (Figure 1). Of the 401 VLBW
infants, only 147 had ever received therapeutic medication for significant PDA. Among
these enrolled infants, 14 underwent transcatheter occlusion (Group A) and 17 received
surgical ligation (Group B).
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Figure 1. Algorithm for study population enrollment.

Table 1 shows a comparison of the demographic data and ventilatory status of the
two groups of infants 24 h before the procedure. Birth gestational age, age at PDA invasive
intervention, vital signs, and baseline respiratory conditions were not different between
the two groups. Comparisons between the two groups revealed no differences in FiO2,
mean airway pressure for positive ventilation, positive end-expiratory pressure (PEEP), or
pre-procedural intubation. Importantly, the baselines of the pulmonary scores 24 h before
the procedure were similar between the two groups (p = 0.705).

The detailed reasons that VLBW infants required invasive intervention are shown in
Table A1.

Table 2 shows the other respiratory outcome of infants after their invasive interven-
tions. There was a shorter trend of post-procedural oxygen-dependent days in Group A
compared with Group B (p = 0.083). Moreover, days with any positive pressure ventilator
(including CPAP, invasive, or non-invasive positive pressure ventilation) for infants after
transcatheter closure were significantly shorter than for infants undergoing surgical ligation
(p = 0.033).
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Table 1. Baseline characteristics of the study groups.

Transcatheter
Occlusion Surgical Ligation p-Value

Patient information n = 14 n = 17
Sex, n (male: female) 5:9 9:8 0.337
Birth gestational age, weeks 25.8 (23–29.4) 24.7 (23.6–25.4) 0.360
Birth BW, grams 772.5 (555–1330) 731 (684–744) 0.634

Data related to intervention
Age of procedure, days

20.5 (12–35) 26 (18–38) 0.439median (IQR)
Age range (days) 2–91 11–47
D0 Body weight, grams

1278 (478–1602) 795 (551–1646) 0.284median (range)
PMA on procedure day (weeks) 30.4 ± 3.8 28.7 ± 1.9 0.149

Hemodynamics before procedure
HR (beats per minutes) 161 ± 15 158 ± 9 0.514
MBP (mmHg) 47.2 ± 13.4 43.6 ± 10.5 0.397

Pre-procedural ventilation status
FiO2 (%) 33.4 ± 14.2 31.1 ± 8.8 0.573
PEEP (cmH2O) 5 (5–6) 5 (5–5.5) 0.902
Mean airway pressure (cmH2O) 11 (8.0–16.3) 8.65 (7.9–10.3) 0.082
Invasive ventilation, (n, %) 8/14 (57%) 9/17 (52%) 1.000

IMV, n 2 8
NAVA, n 0 1
HFOV, n 6 0

Non-invasive ventilation, (n, %) 6/14 (43%) 8/17 (48%)
CPAP, n 4 3
NIPPV, n 2 3
NIV NAVA, n 0 2

Medications before procedure
Methylxanthines, n 8 12
Diuretics, n 3 3
Postnatal steroids, n 3 2
Pre-procedural pulmonary score 0.66 (0.55–0.88) 0.63 (0.50–1.00) 0.705

Data are presented in mean ± standard deviation, median (interquartile range) (IQR), or ratio (%), if not specifically
mentioned. Abbreviations: BW: body weight; FiO2 was expressed as a percentage; HR: heart rate; MBP: mean
blood pressure; PEEP: positive end-expiratory pressure; PMA: post-menstrual age; IMV: intermittent mandatory
ventilation; NAVA: neurally adjusted ventilatory assist; HFOV: high-frequency oscillatory ventilation; CPAP:
continuous positive airway pressure; NIPPV: noninvasive intermittent positive pressure ventilation; NIV NAVA:
noninvasive neurally adjusted ventilatory assist.

Table 2. Other respiratory outcomes after invasive intervention.

Transcatheter Occlusion
n = 14

Surgical Ligation
n = 17 p-Value

Duration on invasive ventilator
after procedure, days 4 (1.5–6.5) 4 (3–6) 0.654

Duration on positive pressure
ventilator after procedure, days 31 (24–45.5) 67 (52.5–86) 0.033

Oxygen dependent days after
procedure 38 (9–66) 59 (25.5–163) 0.083

The variables are presented in median [interquartile range] and analyzed with Mann–Whitney U test.

Figure 2 shows the respiratory trajectories of pulmonary scores after invasive inter-
vention. One infant in Group A died on Day 1 because of intrauterine infection-related
sepsis; the other 30 infants of this cohort survived during the 12-day observational pe-
riod. Pulmonary scores were universally elevated on procedure day (Day 0) compared
with pre-procedural day (Day 1). However, respiratory trajectory after Day 1 showed
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particularly interesting patterns. In Group A, the pulmonary score returned below its
pre-procedural value on post-procedural day 2 (Day 2). In Group B, the pulmonary score
remained elevated above its pre-procedure value until Day 7, despite a declining slope in
both groups.
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From Days 3 to 6, infants in Group A had a significantly lower pulmonary score than
infants in Group B (all p-values < 0.05, respectively). On Day 10, a tendency of difference
between the two groups was still observed (p = 0.052). The detailed daily pulmonary scores
of the two groups are listed in Table A2.

Table A3 shows the hemodynamics of pre- and post-closure in the two groups, includ-
ing systemic BP values and vasopressors equivalents [37]. Table A4 shows incidences of
prematurity-related comorbidities at discharge in the two groups. No statistical differences
were observed between the two groups in Tables A3 and A4.

4. Discussion

In this study, we reported our preliminary observations for trajectories of pulmonary
scores before and after interventional PDA closure in VLBW infants. With limited case
numbers based on similar initial conditions, this study observed a tendency toward an
early improvement of the pulmonary score in the transcatheter occlusion group of infants
compared to the surgical ligation group. An in-depth analysis of the possible mechanism
of our observation may not be within the scope of this article; however, several of our
findings are worthy of consideration.
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4.1. Comparision of Invasive Techniques in Closing PDA in VLBW Infants

In the early 2000s, the feasibility of cardiac catheterization of low-birth-weight infants
was reported [38]. Later, the same was reported in very preterm infants [39]. The respective
techniques and equipment have also been well developed, rendering them feasible for
application in young infants [31,40–42].

In this institution, the choice between the two procedures is largely based on a given
family’s preference, which is itself only possible following a shared decision-making
process that weighs the balance between the benefits and risks of the respective procedures.
In the transcatheter group, elective intubation was not needed. For symptomatic infants
dependent on oxygen or CPAP, transcatheter intervention seemed more attractive. This
may result in an older population and a larger body weight in the baseline character of the
transcatheter group.

Comparing surgical ligation with transcatheter closure is an emerging research area
in the field of preterm infant care. Kim et al. reported no procedure-related mortalities
or deaths within 30 days, but they did find that more inotropic agents support patients
in the surgery group [33]. Pamukcu et al. conducted a comparison study between tran-
scatheter and surgical PDA closure [31], and they demonstrated similar complications in
the transcatheter and surgical ligation groups.

Ogando et al. also noticed that the surgical ligation group exhibited higher rates
for intraventricular hemorrhage and inotropic therapy than the transcatheter group. The
transcatheter group exhibited lower hospital mortality rates before 36 weeks of age [32]. In
our limited study, the incidence of prematurity-related complications failed to demonstrate
differences between the two procedures. To date, surgical ligation and transcatheter closure
can be considered as therapy for preterm infants with cardiopulmonary compromise when
medical treatment fails [18].

A large-numbered study conducted by Sathanandam reported that the time it takes
for the respiratory severity score (RSS) to return to baseline is shorter in the transcatheter
group as well as a faster weaning of invasive ventilator in [30]. In our study, we noticed a
similar result in respiratory trajectory using a pulmonary score, which possibly reinforces
more effective respiratory improvements. However, we failed to demonstrate differences
in intubation days, which was probably due to the limitation of our small case numbers.

4.2. Respiratory Outcomes after Invasive PDA Closure

Invasive interventions to improve the respiratory condition in VLBW infants with a
refractory PDA were reported and suggested in the 1970s and 1980s [20,43–46]. Ravel et al.
first described the detailed respiratory outcome of 197 infants after surgical ligation in the
2000s; premature infants undergoing PDA ligation did not experience the anticipated rapid
improvements in cardiorespiratory status [46]. Contrary to our expectations, pulmonary
condition after invasive PDA management has been addressed in detail by a limited
number of studies.

Ogando et al. have reported a pulmonary score difference between surgical ligation
and transcatheter closure patient groups [32]. An increased score on Day 2 after surgical
ligation was reported, and it failed to improve until Day 7; however, the score decreased
immediately after transcatheter closure. We noted similar changes in our data. The
pulmonary score increased immediately after surgical ligation, remaining high until Day
6. In the transcatheter occlusion group, the score also increased after the procedure but
decreased on Day 2. In our data, the pulmonary score also decreased after the seventh day
of surgery, and there was no statistical difference after Day 7 between the two procedures
(Appendix A Table A2). This indicated that the respiratory condition of infants recovered
slower in the surgical group, but long-term impact was not different compared with
the transcatheter technique. Hsu et al. reported that high-frequency ventilation may be
required for accelerating respiratory improvement after surgical ligation [47].

Recently, the important work of Sathanadam et al. demonstrated that compared to
surgical ligation, catheter intervention may offer faster weaning of respiratory support
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when performed earlier in life and before the onset of elevated respiratory support [30].
Their well-designed study also demonstrated the feasibility and safety of catheter interven-
tion in infants as small as 640–2000 g. In our observation of this study (Table 2), we found
significantly fewer positive pressure ventilator-dependent days and invasive ventilator
support days in infants receiving catheterization than in infants with surgical ligation. Our
preliminary finding could be compared to the results of Sathanadam’s study.

4.3. Potential Benefits and Disadvantages for Transcatheter Occlusion

The several potential benefits of transcatheter occlusion should be addressed, as it is
less complicated than surgical ligation. First, unilateral vocal cord paralysis following PDA
surgical ligation has been frequently reported and associated with increased requirements
for tube feeding, respiratory support, and a longer hospital stay [25,27,28]. Second, as a
result of PDA ligation’s adverse impact on ventilator dependency and correlation to a
higher incidence of severe bronchopulmonary dysplasia, infants receiving this treatment
have been reported to suffer from diaphragmatic paralysis due to phrenic nerve injury. [48].
Third, cardiovascular instability after patent ductus arteriosus ligation (i.e., post-ligation
cardiac syndrome, PLCS) in preterm infants has been reported [49], as it has a tendency
toward a higher risk of long-term neurodevelopmental impairment [50].

Compared to infants with surgical ligation, VLBW infants who received transcatheter
closure experienced less post-ligation cardiac syndrome and had less escalation of respira-
tory support [51]. This finding implies that PLCS may be related not only to the obliteration
of the ductus but also to the procedure itself. In our series, all 31 patients reported no
significant hemodynamic change between their conditions before and after the procedures.
Thoracotomy during surgical ligation may cause atelectasis of the lung, iatrogenic pneu-
mothorax, and impairment of the chest wall muscular function, which may not occur after
transcatheter treatment.

Moreover, in our data, no patient required additional intubation for transcatheter
occlusion. All infants intubated had pre-existing lung conditions. However, eight of
those who received surgery required additional intubation. In our study, the feasibility of
performing transcatheter occlusion without invasive ventilation prevented infants from
unnecessary endotracheal tube intubation. This study provided encouraging preliminary
data, and further investigation is needed to establish the correlation.

However, the transcatheter technique has been associated with some potential risks,
including hypothermia, device migration, vascular injury, left pulmonary artery stenosis,
and the coarctation of the aorta [39,52–55]. The one procedure-related mortality of this study
was due to device migration, which was found 163 days after the procedure. Procedural
charges have also been reported as being higher for transcatheter closure, which is driven
by device charge and catheterization room utilization [33].

4.4. Limitations and Strengths

This study has some major limitations. Firstly, it was a retrospective study. The
assignment was largely based on the choice made by a given patient’s family after the
benefits and risks were clearly explained by an interventionalist and surgeon, respectively.
Although baseline demographic data and medical condition were statistically similar,
Group A seemed to include older GA infants, which can make a difference in post-op
respiratory outcomes. The population was small, and the values of our results varied
considerably.

However, a tendency toward earlier improvement in the respiratory trajectory could
still be observed, as was the case in other studies [30,32]. Our observation is worthy of
more extensive research in the future, with larger sample sizes and longer observation.

5. Conclusions

In this small case study of VLBW infants with hemodynamic-significant PDA, we
observed a clear improvement in respiratory score from Day 3 to Day 5 after transcatheter
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closure. However, respiratory outcomes are not statistically significant between the two
interventional techniques, despite them showing a trend toward early improvement in
post-intervention respiratory trajectory in the transcatheter group. Future research with
larger case numbers should be conducted to explore our observations in more detail.
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Appendix A

Table A1. Reasons for intervention.

Transcatheter
Occlusion (n = 14)

Surgical Ligation
(n = 17) p-Value

Bleeding tendency, n 5 3 0.245
Pulmonary hemorrhage, n 5 1

Coagulopathy/Thrombocytopenia, n 0 1
GI bleeding, n 0 1

Failed medical treatment, n 6 13
Necrotizing enterocolitis, n 1 0

Renal failure, n 2 1
Bleeding tendency includes coagulopathy, thrombocytopenia, pulmonary hemorrhage, and GI bleeding.

Table A2. Pulmonary score before and after invasive intervention.

D-1 D0 D1 D2 D3 D4 D5 D6 D7 D8 D9 D10

Group A
(n = 14)

0.80 1.01 0.82 0.70 0.55 0.57 0.57 0.49 0.58 0.54 0.48 0.46
(0.11) (0.17) (0.16) (0.12) (0.07) (0.07) (0.07) (0.04) (0.10) (0.07) (0.06) (0.04)

Group B
(n = 17)

0.71 1.41 1.03 0.93 0.89 0.77 0.78 0.75 0.69 0.63 0.62 0.64
(0.07) (0.16) (0.12) (0.09) (0.11) (0.08) (0.09) (0.09) (0.09) (0.08) (0.08) (0.09)

p-value 0.504 0.097 0.296 0.072 0.014 0.037 0.047 0.011 0.285 0.241 0.102 0.052

Values are represented as mean (SEM); the patient numbers of Group A decreased to 13 after D1; p < 0.05 in bold.
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Table A3. Mean blood pressure and inotropic agents.

Transcatheter Surgery p-Value

Mean arterial pressure, mmHg
Pre-procedural 39.0 ± 10.0 43.5 ± 10.5 0.238
Post-procedural 47.4 ± 13.1 43.8 ± 11.4 0.429

Inotropic equivalent
Pre-procedural 5.0 ± 6.0 2.8 ± 5.6 0.309
Post-procedural 5.7 ± 6.6 3.9 ± 6.3 0.434

Pre-procedural arterial pressure was recorded 2 h before start of intervention. Post-procedural arterial pressure
was recorded 2 h after the procedure. Inotropic equivalent (IE) was defined as: dobutamine × 1+ dopamine × 1
+milrinone × 15 + epinephrine × 100 (expressed in µg/kg/min). Pre-procedural IE was recorded before the start
of procedure. Post-procedural IE was recorded as the highest value within 12 h after the procedure.

Table A4. Morbidities related to prematurity.

Transcatheter Surgery p-Value

NEC 2 1 0.576
IVH 2 4 0.664
BPD 13 16 1.000
ROP 6 12 0.119

NEC: necrotizing enteropathy; IVH: intraventricular hemorrhage; BPD: bronchopulmonary dysplasia; ROP:
retinopathy of prematurity.

References
1. Hamrick, S.E.; Hansmann, G. Patent ductus arteriosus of the preterm infant. Pediatrics 2010, 125, 1020–1030. [CrossRef] [PubMed]
2. Gentile, R.; Stevenson, G.; Dooley, T.; Franklin, D.; Kawabori, I.; Pearlman, A. Pulsed Doppler echocardiographic determination

of time of ductal closure in normal newborn infants. J. Pediatr. 1981, 98, 443–448. [CrossRef]
3. Clyman, R.I.; Couto, J.; Murphy, G.M. Patent ductus arteriosus: Are current neonatal treatment options better or worse than no

treatment at all? Semin. Perinatol. 2012, 36, 123–129. [CrossRef]
4. Ferguson, J.M. Pharmacotherapy for patent ductus arteriosus closure. Congenit. Heart Dis. 2019, 14, 52–56. [CrossRef] [PubMed]
5. Noori, S.; McCoy, M.; Friedlich, P.; Bright, B.; Gottipati, V.; Seri, I.; Sekar, K. Failure of ductus arteriosus closure is associated with

increased mortality in preterm infants. Pediatrics 2009, 123, e138–e144. [CrossRef]
6. Kluckow, M.; Evans, N. Ductal shunting, high pulmonary blood flow, and pulmonary hemorrhage. J. Pediatr. 2000, 137, 68–72.

[CrossRef]
7. Finlay, E.R.; Subhedar, N.V. Pulmonary haemorrhage in preterm infants. Eur. J. Pediatr. 2000, 159, 870–871. [CrossRef]
8. Oh, W.; Poindexter, B.B.; Perritt, R.; Lemons, J.A.; Bauer, C.R.; Ehrenkranz, R.A.; Stoll, B.J.; Poole, K.; Wright, L.L.; Neonatal

Research, N. Association between fluid intake and weight loss during the first ten days of life and risk of bronchopulmonary
dysplasia in extremely low birth weight infants. J. Pediatr. 2005, 147, 786–790. [CrossRef] [PubMed]

9. Redline, R.W. Placental and Other Perinatal Risk Factors for Chronic Lung Disease in Very Low Birth Weight Infants. Pediatr. Res.
2002, 52, 713–719. [CrossRef]

10. Fowlie, P.W.; Davis, P.G. Prophylactic indomethacin for preterm infants: A systematic review and meta-analysis. Arch. Dis. Child.
Fetal Neonatal Ed. 2003, 88, F464–F466. [CrossRef] [PubMed]

11. Fowlie, P.W.; Davis, P.G. Prophylactic intravenous indomethacin for preventing mortality and morbidity in preterm infants.
Cochrane Database Syst. Rev. 2002, CD000174. [CrossRef]

12. Evans, N.; Kluckow, M. Early ductal shunting and intraventricular haemorrhage in ventilated preterm infants. Arch. Dis. Child.
Fetal Neonatal Ed. 1996, 75, F183–F186. [CrossRef]

13. Dollberg, S.; Lusky, A.; Reichman, B. Patent ductus arteriosus, indomethacin and necrotizing enterocolitis in very low birth
weight infants: A population-based study. J. Pediatr. Gastroenterol. Nutr. 2005, 40, 184–188. [CrossRef] [PubMed]

14. Drougia, A.; Giapros, V.; Krallis, N.; Theocharis, P.; Nikaki, A.; Tzoufi, M.; Andronikou, S. Incidence and risk factors for cerebral
palsy in infants with perinatal problems: A 15-year review. Early Hum. Dev. 2007, 83, 541–547. [CrossRef] [PubMed]

15. Jones, R.W.; Pickering, D. Persistent ductus arteriosus complicating the respiratory distress syndrome. Arch. Dis. Child. 1977, 52,
274–281. [CrossRef] [PubMed]

16. Mezu-Ndubuisi, O.J.; Agarwal, G.; Raghavan, A.; Pham, J.T.; Ohler, K.H.; Maheshwari, A. Patent ductus arteriosus in premature
neonates. Drugs 2012, 72, 907–916. [CrossRef]

17. Susheel Kumar, T.K. Surgical management of patent ductus arteriosus. Congenit. Heart Dis. 2019, 14, 57–59. [CrossRef]
18. Su, B.H.; Lin, H.Y.; Chiu, H.Y.; Tsai, M.L.; Chen, Y.T.; Lu, I.C. Therapeutic strategy of patent ductus arteriosus in extremely

preterm infants. Pediatr. Neonatol. 2020, 61, 133–141. [CrossRef]

http://doi.org/10.1542/peds.2009-3506
http://www.ncbi.nlm.nih.gov/pubmed/20421261
http://doi.org/10.1016/S0022-3476(81)80719-6
http://doi.org/10.1053/j.semperi.2011.09.022
http://doi.org/10.1111/chd.12715
http://www.ncbi.nlm.nih.gov/pubmed/30536827
http://doi.org/10.1542/peds.2008-2418
http://doi.org/10.1067/mpd.2000.106569
http://doi.org/10.1007/s004310000578
http://doi.org/10.1016/j.jpeds.2005.06.039
http://www.ncbi.nlm.nih.gov/pubmed/16356432
http://doi.org/10.1203/00006450-200211000-00017
http://doi.org/10.1136/fn.88.6.F464
http://www.ncbi.nlm.nih.gov/pubmed/14602691
http://doi.org/10.1002/14651858.CD000174
http://doi.org/10.1136/fn.75.3.F183
http://doi.org/10.1097/00005176-200502000-00019
http://www.ncbi.nlm.nih.gov/pubmed/15699694
http://doi.org/10.1016/j.earlhumdev.2006.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17188824
http://doi.org/10.1136/adc.52.4.274
http://www.ncbi.nlm.nih.gov/pubmed/324406
http://doi.org/10.2165/11632870-000000000-00000
http://doi.org/10.1111/chd.12699
http://doi.org/10.1016/j.pedneo.2019.10.002


Children 2021, 8, 398 11 of 12

19. Gay, J.H.; Daily, W.J.; Meyer, B.H.; Trump, D.S.; Cloud, D.T.; Molthan, M.E. Ligation of the patent ductus arteriosus in premature
infants: Report of 45 cases. J. Pediatr. Surg. 1973, 8, 677–683. [CrossRef]

20. Nelson, R.J.; Thibeault, D.W.; Emmanouilides, G.C.; Lippmann, M. Improving the results of ligation of patent ductus arteriosus in
small preterm infants. J. Thorac. Cardiovasc. Surg. 1976, 71, 169–178. [CrossRef]

21. Tashiro, J.; Perez, E.A.; Sola, J.E. Reduced Hospital Mortality With Surgical Ligation of Patent Ductus Arteriosus in Premature,
Extremely Low Birth Weight Infants: A Propensity Score-matched Outcome Study. Ann. Surg. 2016, 263, 608–614. [CrossRef]

22. Palder, S.B.; Schwartz, M.Z.; Tyson, K.R.T.; Marr, C.C. Management of patent ductus arteriosus: A comparison of operative V
pharmacologic treatment. J. Pediatr. Surg. 1987, 22, 1171–1174. [CrossRef]

23. Mikhail, M.; Lee, W.; Toews, W.; Synhorst, D.P.; Hawes, C.R.; Hernandez, J.; Lockhart, C.; Whitfield, J.; Pappas, G. Surgical and
medical experience with 734 premature infants with patent ductus arteriosus. J. Thorac. Cardiovasc. Surg. 1982, 83, 349–357.
[CrossRef]

24. Chiang, M.C.; Lin, W.S.; Lien, R.; Chou, Y.H. Reexpansion pulmonary edema following patent ductus arteriosus ligation in a
preterm infant. J. Perinat. Med. 2004, 32, 365–367. [CrossRef]

25. Clement, W.A.; El-Hakim, H.; Phillipos, E.Z.; Cote, J.J. Unilateral vocal cord paralysis following patent ductus arteriosus ligation
in extremely low-birth-weight infants. Arch. Otolaryngol. Head Neck Surg. 2008, 134, 28–33. [CrossRef]

26. Barikbin, P.; Sallmon, H.; Wilitzki, S.; Photiadis, J.; Buhrer, C.; Koehne, P.; Schmalisch, G. Lung function in very low birth weight
infants after pharmacological and surgical treatment of patent ductus arteriosus—A retrospective analysis. BMC Pediatr. 2017, 17,
5. [CrossRef]

27. Benjamin, J.R.; Smith, P.B.; Cotten, C.M.; Jaggers, J.; Goldstein, R.F.; Malcolm, W.F. Long-term morbidities associated with vocal
cord paralysis after surgical closure of a patent ductus arteriosus in extremely low birth weight infants. J. Perinatol. 2010, 30,
408–413. [CrossRef] [PubMed]

28. Roksund, O.D.; Clemm, H.; Heimdal, J.H.; Aukland, S.M.; Sandvik, L.; Markestad, T.; Halvorsen, T. Left vocal cord paralysis after
extreme preterm birth, a new clinical scenario in adults. Pediatrics 2010, 126, e1569–e1577. [CrossRef] [PubMed]

29. Sathanandam, S.; Agrawal, H.; Chilakala, S.; Johnson, J.; Allen, K.; Knott-Craig, C.; Rush Waller, B.; Philip, R. Can transcatheter
PDA closure be performed in neonates 51000 grams? The Memphis experience Congenit. Heart Dis. 2019, 14, 79–84. [CrossRef]

30. Sathanandam, S.; Balduf, K.; Chilakala, S.; Washington, K.; Allen, K.; Knott-Craig, C.; Rush Waller, B.; Philip, R. Role of
Transcatheter patent ductus arteriosus closure in extremely low birth weight infants. Catheter. Cardiovasc. Interv. 2019, 93, 89–96.
[CrossRef] [PubMed]

31. Pamukcu, O.; Tuncay, A.; Narin, N.; Baykan, A.; Korkmaz, L.; Argun, M.; Ozyurt, A.; Sunkak, S.; Uzum, K. Patent Ductus
Arteriosus closure in preterms less than 2kg: Surgery versus transcatheter. Int. J. Cardiol. 2018, 250, 110–115. [CrossRef] [PubMed]

32. Rodriguez Ogando, A.; Planelles Asensio, I.; de la Blanca, A.R.S.; Ballesteros Tejerizo, F.; Sanchez Luna, M.; Gil Jaurena, J.M.;
Medrano Lopez, C.; Zunzunegui Martinez, J.L. Surgical Ligation Versus Percutaneous Closure of Patent Ductus Arteriosus in
Very Low-Weight Preterm Infants: Which are the Real Benefits of the Percutaneous Approach? Pediatr. Cardiol. 2018, 39, 398–410.
[CrossRef] [PubMed]

33. Kim, H.S.; Schechter, M.A.; Manning, P.B.; Eghtesady, P.; Balzer, D.T.; Shahanavaz, S.; Rockefeller, T.A.; Abarbanell, A.M. Surgical
Versus Percutaneous Closure of PDA in Preterm Infants: Procedural Charges and Outcomes. J. Surg. Res. 2019, 243, 41–46.
[CrossRef] [PubMed]

34. Wang, J.N.; Lin, Y.C.; Hsieh, M.L.; Wei, Y.J.; Ju, Y.T.; Wu, J.M. Transcatheter Closure of Patent Ductus Arteriosus in Premature
Infants With Very Low Birth Weight. Front. Pediatr. 2021, 8, 615919. [CrossRef] [PubMed]

35. Yeh, T.F.; Raval, D.; Luken, J.; Thalji, A.; Lilien, L.; Pildes, R.S. Clinical evaluation of premature infants with patent ductus
arteriosus: A scoring system with echocardiogram, acid-base, and blood gas correlations. Crit. Care Med. 1981, 9, 655–657.
[CrossRef]

36. Group, T.S.-R.M.S. Supplemental Therapeutic Oxygen for Prethreshold Retinopathy of Prematurity (STOP-ROP), a randomized,
controlled trial. I: Primary outcomes. Pediatrics 2000, 105, 295–310. [CrossRef]

37. Skippen, P.W.; Krahn, G.E. Acute renal failure in children undergoing cardiopulmonary bypass. Crit. Care Resusc. 2005, 7,
286–291.

38. Simpson, J.M.; Moore, P.; Teitel, D.F. Cardiac catheterization of low birth weight infants. Am. J. Cardiol. 2001, 87, 1372–1377.
[CrossRef]

39. Backes, C.H.; Cheatham, S.L.; Deyo, G.M.; Leopold, S.; Ball, M.K.; Smith, C.V.; Garg, V.; Holzer, R.J.; Cheatham, J.P.; Berman, D.P.
Percutaneous Patent Ductus Arteriosus (PDA) Closure in Very Preterm Infants: Feasibility and Complications. J. Am. Heart Assoc.
2016, 5. [CrossRef]

40. Thukaram, R.; Suarez, W.A.; Sundararaghavan, S. Transcatheter closure of the patent arterial duct using the Flipper coil in a
premature infant weighing 1,400 g: A case report. Catheter. Cardiovasc. Interv. 2005, 66, 18–20. [CrossRef]

41. Haneda, N.; Kato, F.; Kim, S.H. Coil closure of a large patent arterial duct in a low-birthweight infant. Pediatr. Int. 2002, 44,
317–320. [CrossRef] [PubMed]

42. Hijazi, Z.M.; Lloyd, T.R.; Beekman, R.H.; Geggel, R.L. Transcatheter closure with single or multiple Gianturco coils of patent
ductus arteriosus in infants weighing ≤8 kg: Retrograde versus antegrade approach. Am. Heart J. 1996, 132, 827–835. [CrossRef]

43. Thibeault, D.W.; Emmanouilides, G.C.; Nelson, R.J.; Lachman, R.S.; Rosengart, R.M.; Oh, W. Patent ductus arteriosus complicating
the respiratory distress syndrome in preterm infants. J. Pediatr. 1975, 86, 120–126. [CrossRef]

http://doi.org/10.1016/0022-3468(73)90406-5
http://doi.org/10.1016/S0022-5223(19)40225-0
http://doi.org/10.1097/SLA.0000000000001228
http://doi.org/10.1016/S0022-3468(87)80730-3
http://doi.org/10.1016/S0022-5223(19)37268-X
http://doi.org/10.1515/JPM.2004.068
http://doi.org/10.1001/archoto.2007.2
http://doi.org/10.1186/s12887-016-0762-z
http://doi.org/10.1038/jp.2009.124
http://www.ncbi.nlm.nih.gov/pubmed/19759545
http://doi.org/10.1542/peds.2010-1129
http://www.ncbi.nlm.nih.gov/pubmed/21098147
http://doi.org/10.1111/chd.12700
http://doi.org/10.1002/ccd.27808
http://www.ncbi.nlm.nih.gov/pubmed/30269408
http://doi.org/10.1016/j.ijcard.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29017778
http://doi.org/10.1007/s00246-017-1768-5
http://www.ncbi.nlm.nih.gov/pubmed/29119215
http://doi.org/10.1016/j.jss.2019.04.069
http://www.ncbi.nlm.nih.gov/pubmed/31154131
http://doi.org/10.3389/fped.2020.615919
http://www.ncbi.nlm.nih.gov/pubmed/33520899
http://doi.org/10.1097/00003246-198109000-00009
http://doi.org/10.1542/peds.105.2.295
http://doi.org/10.1016/S0002-9149(01)01555-7
http://doi.org/10.1161/JAHA.115.002923
http://doi.org/10.1002/ccd.20402
http://doi.org/10.1046/j.1442-200X.2002.01544.x
http://www.ncbi.nlm.nih.gov/pubmed/11982905
http://doi.org/10.1016/S0002-8703(96)90318-X
http://doi.org/10.1016/S0022-3476(75)80722-0


Children 2021, 8, 398 12 of 12

44. Clarke, D.R.; Paton, B.C.; Way, G.L.; Stewart, J.R. Patent ductus arteriosus ligation and respiratory distress syndrome in premature
infants. Ann. Thorac. Surg. 1976, 22, 138–145. [CrossRef]

45. Brandt, B.; Marvin, W.J.; Ehrenhaft, J.L.; Heintz, S.; Doty, D.B. Ligation of patent ductus arteriosus in premature infants. Ann.
Thorac. Surg. 1981, 32, 166–172. [CrossRef]

46. Raval, M.V.; Laughon, M.M.; Bose, C.L.; Phillips, J.D. Patent ductus arteriosus ligation in premature infants: Who really benefits,
and at what cost? J. Pediatr. Surg. 2007, 42, 69–75. [CrossRef] [PubMed]

47. Hsu, K.H.; Wong, P.; Ram Kumar, S.; Evans, J.; Noori, S. Predictors of Respiratory Improvement 1 Week after Ligation of Patent
Ductus Arteriosus in Preterm Infants. J. Pediatr. 2019, 205, 49–54. [CrossRef]

48. Hsu, K.H.; Chiang, M.C.; Lien, R.; Chu, J.J.; Chang, Y.S.; Chu, S.M.; Wong, K.S.; Yang, P.H. Diaphragmatic paralysis among very
low birth weight infants following ligation for patent ductus arteriosus. Eur. J. Pediatr. 2012, 171, 1639–1644. [CrossRef]

49. Satpute, M.D.; Donohue, P.K.; Vricella, L.; Aucott, S.W. Cardiovascular instability after patent ductus arteriosus ligation in
preterm infants: The role of hydrocortisone. J. Perinatol. 2012, 32, 685–689. [CrossRef]

50. Bravo, M.C.; Ybarra, M.; Madero, R.; Pellicer, A. Childhood Neurodevelopmental Outcome in Low Birth Weight Infants With
Post-ligation Cardiac Syndrome After Ductus Arteriosus Closure. Front. Physiol. 2019, 10, 718. [CrossRef]

51. Serrano, R.M.; Madison, M.; Lorant, D.; Hoyer, M.; Alexy, R. Comparison of ’post-patent ductus arteriosus ligation syndrome’ in
premature infants after surgical ligation vs. percutaneous closure. J. Perinatol. 2020, 40, 324–329. [CrossRef]

52. Dubbink-Verheij, G.H.; van Westerop, T.; Lopriore, E.; Te Pas, A.B. Hypothermia during umbilical catheterization in preterm
infants. J. Matern. Fetal Neonatal Med. 2019, 1–6. [CrossRef] [PubMed]

53. Zahn, E.M.; Nevin, P.; Simmons, C.; Garg, R. A novel technique for transcatheter patent ductus arteriosus closure in extremely
preterm infants using commercially available technology. Catheter. Cardiovasc. Interv. 2015, 85, 240–248. [CrossRef] [PubMed]

54. Morville, P.; Akhavi, A. Transcatheter closure of hemodynamic significant patent ductus arteriosus in 32 premature infants by
amplatzer ductal occluder additional size-ADOIIAS. Catheter. Cardiovasc. Interv. 2017, 90, 612–617. [CrossRef]

55. Rodriguez Ogando, A.; Ballesteros Tejerizo, F.; Blanco Bravo, D.; Sanchez Luna, M.; Zunzunegui Martinez, J.L. Transcatheter
Occlusion of Patent Ductus Arteriosus in Preterm Infants Weighing Less Than 2 kg With the Amplatzer Duct Occluder II
Additional Sizes Device. Rev. Esp. Cardiol. 2018, 71, 865–866. [CrossRef] [PubMed]

http://doi.org/10.1016/S0003-4975(10)63974-4
http://doi.org/10.1016/S0003-4975(10)61026-0
http://doi.org/10.1016/j.jpedsurg.2006.09.040
http://www.ncbi.nlm.nih.gov/pubmed/17208543
http://doi.org/10.1016/j.jpeds.2018.09.061
http://doi.org/10.1007/s00431-012-1787-4
http://doi.org/10.1038/jp.2011.166
http://doi.org/10.3389/fphys.2019.00718
http://doi.org/10.1038/s41372-019-0513-8
http://doi.org/10.1080/14767058.2019.1598365
http://www.ncbi.nlm.nih.gov/pubmed/30939959
http://doi.org/10.1002/ccd.25534
http://www.ncbi.nlm.nih.gov/pubmed/24782400
http://doi.org/10.1002/ccd.27091
http://doi.org/10.1016/j.rec.2017.08.014
http://www.ncbi.nlm.nih.gov/pubmed/28916428

	Introduction 
	Materials and Methods 
	Study Design 
	Study Setting 
	Variable Collection or Definition 
	Clinical Variables 
	Definition of HS-PDA and the Procedure of Interventions 
	Primary Outcome: Post-Intervention Respiratory Trajectory 

	Statistic Analysis 

	Results 
	Discussion 
	Comparision of Invasive Techniques in Closing PDA in VLBW Infants 
	Respiratory Outcomes after Invasive PDA Closure 
	Potential Benefits and Disadvantages for Transcatheter Occlusion 
	Limitations and Strengths 

	Conclusions 
	
	References

