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Abstract: A widely accepted concept in perinatal medicine is that boys are more susceptible than
girls to complications of prematurity. However, whether this ‘male disadvantage of prematurity’
also involves persistent patent ductus arteriosus (PDA) has been scarcely investigated. Our aim
was to conduct a systematic review and meta-analysis on studies addressing sex differences in
the risk of developing PDA among preterm infants. We also investigated whether the response to
pharmacological treatment of PDA differs between boys and girls. PubMed /Medline and Embase
databases were searched. The random-effects male/female risk ratio (RR) and 95% confidence
interval (CI) were calculated. We included 146 studies (357,781 infants). Meta-analysis could not
demonstrate sex differences in risk of developing any PDA (37 studies, RR 1.03, 95% CI 0.97 to 1.08),
hemodynamically significant PDA (81 studies, RR 1.00, 95% CI 0.97 to 1.02), or in the rate of response
to pharmacological treatment (45 studies, RR 1.01, 95% CI 0.98 to 1.04). Subgroup analysis and
meta-regression showed that the absence of sex differences was maintained over the years and in
different geographic settings. In conclusion, both the incidence of PDA in preterm infants and the
response rate to pharmacological treatment of PDA are not different between preterm boys and girls.

Keywords: sex differences; patent ductus arteriosus; preterm infants

1. Introduction

The ductus arteriosus (DA) is an essential fetal blood vessel that connects the pul-
monary artery to the aorta and serves to shunt blood away from the lungs into the umbilical
placental circulation where gas exchange takes place [1-7]. At birth, closure of the DA is
a critical event in the transition to the postnatal circulatory pattern. However, there are
situations in which DA closure does not occur or is delayed, resulting in the condition
known as persistent patent DA (PDA) [1-7]. In term and late-preterm infants, PDA is
a relatively rare condition that frequently is related to inherent abnormality of the DA
and/or signaling pathways that normally trigger its closure [7,8]. In contrast, PDA is
very common among very preterm infants because it is generally due to developmental
immaturity. PDA would likely not be present if the infant had been born at term [7,8]. The
clinical consequences and the therapeutic approach to PDA in very preterm infants are
matters of an intense debate that still seems far from being resolved [9,10].

Male—female differences in human health and disease have been recognized for many
years [11-14]. A widely accepted concept in perinatal medicine is the so-called ‘male disad-
vantage of prematurity’. This concept is supported by a large body of evidence showing
that boys are more susceptible than girls to adverse outcomes of prematurity, including
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bronchopulmonary dysplasia (BPD), retinopathy of prematurity (ROP), necrotizing ente-
rocolitis (NEC), intraventricular hemorrhage (IVH), periventricular leukomalacia (PVL),
chronic neurodevelopmental and cognitive impairment, and mortality [15-19]. However,
whether PDA is one of the complications of prematurity that is affected by this male dis-
advantage has not been thoroughly investigated. Interestingly, time to spontaneous DA
closure in healthy full-term neonates is longer in girls than in boys [20] and male-to-female
ratio for PDA in term infants is about 1:2 in most reports [7,8,21-25]. However, as men-
tioned above, PDA in term and preterm newborns are two conditions with a different
etiopathogenic background and therefore may have a different sex ratio. The results of two
recent meta-analyses suggest that there is no sex difference in the risk of developing PDA
among preterm infants [19,26], but these meta-analyses were limited by the small number
of studies included.

The aim of this systematic review is to answer the question of whether there are sex
differences in the risk of developing PDA in preterm infants. We used a broad search
strategy in order to include a large number of studies. We also investigated whether the
response to pharmacological treatment of PDA differs between boys and girls. Finally, we
used subgroup analysis and meta-regression to elucidate whether there are geographic
differences or changes over the years in sex differences in PDA risk.

2. Materials and Methods

The methodology of this study is based on that of earlier studies of our group on risk
factors for PDA [27-30]. The study was performed and reported according to the preferred
reporting items for systematic reviews and meta-analyses (PRISMA) and meta-analysis
of observational studies in epidemiology (MOOSE) guidelines [15]. Review protocol was
prospectively registered in the PROSPERO international register of systematic reviews
(ID = CRD42018095509). The two research questions were “Do preterm boys have a higher
risk of developing PDA than preterm girls?” and “Do preterm boys respond differently
than preterm girls to pharmacological treatment of PDA?”

2.1. Sources and Search Strategy

A comprehensive literature search was undertaken using the PubMed /Medline and
EMBASE databases. Databases of grey literature were not searched. The search strategy is
detailed in Table S1. No language limit was applied. The literature search was updated up to
December 2021. Narrative reviews, systematic reviews, case reports, letters, editorials, and
commentaries were excluded, but read to identify potential additional studies. Additional
strategies to identify studies included a manual review of reference lists from key articles
that fulfilled our eligibility criteria, use of “related articles” feature in PubMed, and use of
the “cited by” tool in Web of Science and Google scholar.

2.2. Study Selection and Definitions

Studies were included if they had a prospective or retrospective cohort design, exam-
ined preterm infants (GA < 37 weeks) and reported primary data that could be used to
measure the association between infant sex and (1) rate of PDA and (2) response to pharma-
cological treatment. Studies that exclusively included late preterm infants (GA > 34 weeks)
or combined preterm and term infants were excluded. To identify relevant studies, two
reviewers (MB-L, TR) independently screened the results of the searches and applied inclu-
sion criteria using a structured form. Discrepancies were resolved by two other reviewers
(GG-L, EV). The studies in English, Spanish, French, German, Dutch, Italian, Portuguese,
Catalan, and Galician were directly analyzed by one of the authors with knowledge of
the language. Articles in other languages were translated into English using an elec-
tronic translator (DeepL®, Cologne, Germany). If the translation was unclear, the articles
were excluded.

As in our previous meta-analyses [27-30], the studies were divided according to the
way they considered small ductal shunts [27-30]. Studies comparing small + large PDA
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vs. closed DA were classified as reporting on “any PDA.” Studies comparing large PDA
vs. small PDA + closed DA were classified as reporting on “hemodynamically significant
PDA” (hsPDA). Since in our previous meta-analyses we detected several studies that did
not consider closed DAs and only compared hsPDA with small PDA, we conducted a
meta-analysis in which closed DAs were not taken into account. We assumed the definition
“PDA requiring treatment” as a proxy for hsPDA. Regarding response to drug treatment,
when a study reported on several treatment courses, only the final response was taken
into account.

2.3. Data Extraction and Assessment of Study Quality

Two investigators (MB-L and TR) extracted data on study design, demographics, rate
of PDA and/or hsPDA, and response to treatment. A second group of investigators (MJH,
GG-L and EV) checked the data extraction for completeness and accuracy. Methodological
quality was assessed using the Newcastle-Ottawa Scale (NOS) for cohort studies [15]. This
scale assigns a maximum of 9 points (4 for selection, 2 for comparability, and 3 for outcome).
NOS scores > 7 were considered high-quality studies (low risk of bias), and scores of 5 to
6 denoted moderate quality (moderate risk of bias) [15].

2.4. Statistical Analysis

Studies were combined and analyzed using comprehensive meta-analysis V3.0 soft-
ware (Biostat Inc., Englewood, NJ, USA). Due to anticipated heterogeneity, summary
statistics were calculated with a random-effects model. This model accounts for variability
between studies as well as within studies. The risk ratio (RR) with a 95% confidence
interval (CI) was calculated. Statistical heterogeneity was assessed by Cochran’s Q statistic
and by the I? statistic. I was interpreted on the basis of Higgins and Thompson criteria,
where 25%, 50%, and 75% correspond to low, moderate, and high heterogeneity, respec-
tively [31]. Potential sources of heterogeneity were assessed through subgroup analysis
and/or random effects (method of moments) univariate meta-regression analysis as pre-
viously described [16,17]. For both categorical and continuous covariates, the R? analog,
defined as the total between-study variance explained by the moderator, was calculated
based on the meta-regression matrix. Predefined sources of heterogeneity included the fol-
lowing characteristics of cohorts: mean or median GA, median year of birth, geographical
location (continent), and drug used for PDA treatment. We used the Egger’s regression
test and funnel plots to assess publication bias. Subgroup analyses, meta-regression, and
publication bias assessment were performed only when there were at least ten studies in the
meta-analysis. A probability value of less than 0.05 (0.10 for heterogeneity) was considered
statistically significant.

3. Results
3.1. Description of Studies and Quality Assessment

The flow diagram of the search process is shown in Figure S1. Of 2130 potentially
relevant studies, 146 (including 357,781 infants) were included [32-177]. Their charac-
teristics are summarized in Table S2. The quality score of each study according to the
Newcastle-Ottawa Scale is depicted in Table S2. All studies received at least seven points
indicating a low risk of bias.

3.2. Meta-Analysis

As mentioned in the methods, we carried out four meta-analyses (Table 1): (1) Any
PDA (hsPDA + non-hsPDA vs. closed DA) (Figure 1); (2) hsPDA vs. non-hsPDA + closed
DA (Figure 2); (3) hsPDA vs. non-hsPDA (Figure 3); and (4) Response to pharmacological
treatment (Figure 4). None of the four meta-analyses could demonstrate the presence
of significant male-female differences. Heterogeneity was low to moderate in all four
meta-analyses (Table 1). Neither visual inspection of funnel plots (Figure S2) nor Egger’s
test suggested publication or selection bias for any of the meta-analyses.
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Table 1. Main meta-analyses.

95% CI Heterogeneity
Meta-Analysis K RR r
Lower Limit  Upper Limit 1% (%) 4
Any PDA vs. closed DA 37 1.025 0.973 1.081 0.351 53.2 0.000
hsPDA vs. (small PDA + closed DA) 81 0.996 0.974 1.018 0.715 22.1 0.045
hsPDA vs. small PDA 28 0.990 0.947 1.035 0.651 6.0 0.374
Responders vs. non responders 45 1.007 0.979 1.036 0.610 14.4 0.207

CI: confidence interval; DA: ductus arteriosus; hs: hemodinamically significant; K: number of studies; PDA:
patent ductus arteriosus; RR: risk ratio.

Study name Statistics for each study Risk ratio and 95% Cl
Risk Lower Upper
ratio limit limit p-Value
Nemerofsky 2008 0.557 0.338 0.918 0.022 —lo—
El-khuffash 2008 0.761 0.514 1.126 0.172
Griesmaier 2014 0.805 0.527 1.231 0.318
Semberova 2017 0.815 0.468 1.418 0.458
Ledo 2017 0.850 0.516 1.401 0.524
Chock 2011 0.854 05617 1.1581 0.340
Heodboy 2009 0.882 0613 1.270 0.501
sellmer 2013 0.893 0,549 1.227 0.424
Zisk 2010 0.903 0.845 0.965 0.002
Harris 2020 0.503 0.659 1.238 0.526
Brunner 2013 0.507 0731 1.124 0.371
Chen 2015 0520 0.571 1.483 0.732
Breatnach 2017h 0937 0737 1.192 0.595
Breatnach 2017a 0.952 0.537 1.691 0.868
Patcle 2007 0.954 0.748 1.216 0.704
Peacock 2012 0.553 0.787 1.166 0.668
Flood 2015 0.981 0.868 1.108 0.755
Hintz 2006 1.005 0923 1.094 0.903
Terek 2014 1012 0.802 1.277 0.918
Laughon 2007 1.015 0.984 1.047 0.351
Engeseth 2020 1023 0.742 1.409 0.890
Romagneli 2018 1.030 0.887 1.197 0.696
Tauber 20160 1.044 0.747 1.458 0.801
Dagle 2009 1.071 0.804 1.426 0.641
Dix 2016 1.073 0.883 1.303 0.480
Pourarian 2017 1.074 0,638 1.806 0.789
Oliveira 2016 1.116 0.803 1.551 0.515
Visconti 2013 1.159 0.506 1454 0.241 10—
Sallmon 2012a 1.223 1112 1.344 0.000 @
Martin 1982 1.227 0.495 3.043 0.658 @
Collins 2018 1.240 0.903 1.702 0.184 +o—
Chack 2016 1.261 0.528 1713 0.139 o
Engiir 2015 1.419 0.488 4132 0.521 @
Shah 2011 1.562 1.214 2,009 0.001 =
Ahmed 2020 2012 1.263 3.205 0.003 ——
Gomez-Pomar 2017 2.381 0.289 £.373 0.024 @
Kahvecioglu 2018 2.444 1.239 4822 0.010 -
Overall 1.025 0.973 1.081 0.351 ’
01 02 0.5 1 2 5 10
Lower risk Higher risk
in males in males

Figure 1. Meta-analysis on the association between sex of preterm newborns and risk of developing
any patent ductus arteriosus (PDA). Any ductal shunt was compared with closed DA. The median
incidence of PDA in the cohorts was 49.8% (range 12.4 to 82.4%); CI: confidence interval; Risk ratio
above 1 means higher risk in males.
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Study name Statistics for each study Risk ratio and 95% Cl
i | J
Falgllé: llm'ﬁ‘tar ﬁgﬁr p-Value
Lauterbach 2001 0.286 0036 2272 0236 o— i
Schwarz 2018 0346 0080 1504 0157 *d
Rourke 2008 0466 0214 1012 0054
Jennische 2003 0519 0.162 1662  0.269 -
Pourarian 2017 0.574 0.341 0567  0.037 -
Yum 2012 0613 0285 1315 0209 -
Echtler 2010 0618 0274 1394 0248 o
Strauss 2011 0656 0448 1080 0106 @
Goudjil 2013 0734 0411 1309 0295 T 1
Fink 2018 0768 0416 1418 0399 @
Tioseco 2006 0812 0621 1061 0126 —&
Bertino 2009 0829 0424 1621 0583 bt
Ghirardello 2020 D836 0485 1442 0519 T
Chock 2011 0854 0617 1181 0340 —or-
Neubauer 2012 0.868 0682 1104 0248 —or
Katheria 2018 0876 0.544 1410 0585 —o—
Coviello 2020 0880 0557 1392 0586 —o—
Velazguez 2018 0881 0723 1075 0212 —or
El-Khuffash 2008 0889 0605 1306 0548 —O—
Kara 2019 0881 0561 1413 0623 —o—
Polat 2016 0502 0583 1371 0628
Derzbach 2005 0502 0577 1410 0651
Zisk 2011 0503 0845 0965 0002
Bas 2014 0510 0703 1178 0475
Elsmen 2004 0511 0681 1203 0512
Janz-Robinson 2015 0513 0814 1035 0122
Grosfeld 1996 0514 0737 1132 0409
Harkin 2018 0531 0845 1026 0149
Clyrman 2020 0935 0739 1182 0573
Kazanci 2019 093 0734 1194 0595
Patole 2007 0545 0683 1288 0720
Sadeck 2014 0545 0822 1086 0424
Kent 2012 0958 0874 1051 0364
Dani 2008 0964 0662 1404 0849
Laughon2007 0565 0524 1008 0108
Tauber 2016 0966 0421 1502 0921
Letshwiti 2014 0570 0600 1567  0.900
Mohamed 2010 0570 0930 1012 0156
Olukman 2017 0581 0769 1251 0877 -4
Inayat 2015 0584 0609 1591 0949 —e—
Kim 2012 1000 0274 3656 1.000
Meinarde 2016 1.000 0658 1519 1.000 ——
Okur 2019 1000 0744 1345 0897
Boghossian 2018 1001 09%0 1012 0828
Sellmer 2013 1003 0622 1617 0290
Zozaya 2019 1012 0971 1055 0566
Bonamy 2017 1013 0520 1115 0799
Natarajan 2013 1013 0895 1147 0.834
Dagle 2019 1018 0901 1151 0770
Demir 2016 1030 0792 1340 0824
Choi 2005 1035 0535 2003 0819
Bekmez 2018 1033 08208 1336 0768
Adrouche-Amrani 2012 1.044 0.826 1319 0.718
Isayama 2015 1056 0S88 1129  0.108
Kwinta 2008 1088 0468 2532 0843
Martin 1982 1091 0325 3659  0.888
Dix 2016 1097 0732 1645 0653
Ledo 2017 1100 0503 2407 0811
Nizarali 2012 1104 0798 1526 0551
Vieux 2010 1115 0806 1541 0512
Stevenson 2000 1121 1033 1210 0003 @
Stark 2011 1123 0384 3284 0833 @
Antonucci 2009 1125 0546 2318 0750 @
Reller 1985 1148 0746 1767 0529 -1
Visconti 2013 1159 0506 1484 0241 1o
Pereira 2018 1167 0652 2087 0604 @
Akar 2018 1187 0955 1474 0123 >
Jim 2005 1195 0777 1838 0417 1T
Engir 2015 1225 0441 3401 0697 @
Collins 2018 1240 0503 1702 0184 T
sallmon 2012 1258 1055 1503 0011 -&-
Terek 2014 1281 0877 1871 0200 @
skiold 2014 1306 0581 1738 0068 —o—
Chock 2016 1313 0698 2470 0399 o
Furzan 1985 1313 0575 2599 0518 4
Van de Bor 1988 1342 09568 1860 0078 hod
Mine 2013 14729 0702 2506 0325 @
Li 2013 1448 1020 2057 0039 -
Hammoud 2003 1540 1042 2275 0030 @
Chessex 2010 1543 1044 2280 0029 o
Aikio 2014 1554 0740 3261 0244 @
Overall 0.9%6 0974 1018  0.715
01 0.2 05 1 2 5 10
Lower risk Higher risk
in males in males

Figure 2. Meta-analysis on the association between sex of preterm newborns and risk of developing
hemodynamically significant patent ductus arteriosus (hsPDA). Large ductal shunts were compared
with small shunts plus closed DA. The median incidence of hsPDA in the cohorts was 36.7% (range
10.7 to 83.6%); CI: confidence interval; Risk ratio above 1 means higher risk in males.
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Study name Statistics for each study Risk ratio and 95% CI
Risk Lower Upper
ratio limit limit p-Value
Schwarz 2018 0.346 0.080 1.504 0.157 @
Asrani 2018 0.394 0.155 0.599 0.050 &
Redriguez 2018 0.588 0.342 1011 0.055 ——
Sanjeev 2005 0.684 0.304 1.540 0.359 @
Karabulut 2019 0.766 0.540 1.086 0.135 —-
Chock 2011 0.868 0.626 1.206 0.399
Martin 1982 0.889 0.399 1979 0.773
Tauber 2016 0.926 0.514 1668 0.797
Laughon 2007 0.951 0.923 0.880 0.001
Olsson 2019 0.956 0.440 2.079 0.909
Nuntnarumit 2008 0.958 0.361 2544 0.932
Olsson 2018 0.958 0.398 2.305 D924
Inayat 2015 0.984 0.609 1591 0.949
Patole 2007 0.950 0.818 1.200 0.922
Dix 2016 1.023 0718 1.459 0.900
Sallmon 2012 1.030 0.887 1.197 0.698
Ahamed 2015 1.038 0.944 1141 0.445
Chock 2016 1.041 0.599 1.810 0.886
Chock 2014 1.053 0.747 1484 0.769
Pees 2010 1.071 0.565 2.030 0.832
Cakir 2019 1.103 0.938 1.298 0.235
Sellmer 2013 1.124 0.787 1.605 0.521
Alan 2013 1.200 0.423 3.406 0732 @
Buddhe 2012 1.226 0.616 2.439 0.562 @
Terek 2014 1.266 0.938 1.707 0.123 -H8—
Ledo 2017 1.294 0.708 2.365 0.402 L
Harris 2018 1.460 0.800 2667 0.218 @
Becerra 2013 1.969 0.876 4.424 0.101 —417
Overall 0.950 0.947 1.035 0.651 ]
01 0.2 0.5 1 2 5 10
Lower risk Higher risk
in males in males

Figure 3. Meta-analysis on the association between sex of preterm newborns and risk of developing
hemodynamically significant patent ductus arteriosus (hsPDA). Large ductal shunts were compared
with small shunts. The median incidence of hsPDA in the cohorts was 48.3% (range 24.3 to 89.2%).
CI: confidence interval; Risk ratio above 1 means higher risk in males.
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Study name

Halil 2018
Bravo 2011
Harkin 2018
Sadeck 2014
Sallmon 2012a
Kaur 2019

Bas 2014
Weisz 2017
Zanardo 2008
Sallmon 2018

Adrouche-Amrani 2012
Any COX inhibitor

Brocks 2005
Hsu 2010
Leonhardt 1987
Dix 2016

Yoon 2007
Engeseth 2020
Weiss 1995
Chock 2011

Janz-Robinson 2015

Shah 2011
Madan 2009
Madan 2008
Uchiyama 2011
Jhaveri 2010
Grosfeld 1996
Godambe 2006
Louis 2018
Halliday 1974
Boo 2006

Kim 2010

Yang 2008
Ahamed 2015
Rooney 2019
Mellander 1984
Indomethacin
Pereira 2018
Steiner 2015
Pees 2010
Seon 2013

0Oh 2020

Dani 2008

Hsu 2019
Ibuprofen
Harkin 2016
Juujdrvi 2018
Vaidya 2021
Paracetamol

Overall

Statistics for each study

Risk

ratio
0.890
0.930
0.951
0.988
1.030
1044
1.070
1101
1111
1132
1.306
1.030
0.651
0.836
0.836
0.837
0.840
0.849
0917
0.924
0.965
0.970
0.980
0.987
0.950
1.008
1.030
1052
1119
1122
1145
1153
1171
1284
1426
1556
0.999
0.762
0.789
0.889
0923
1049
1322
3.000
0.978
0.940
0.954
1455
1.010

1.008

Lower
limit
0.727
0.680
0.878
0.837
0.898
0.913
0.869
1.013
0.717
0.982
0.860
0.979
0.420
0.493
0.493
0.493
0.495
0.620
0.727
0.513
D911
0.898
0.924
0.843
0.726
0.902
0.959
0.862
0.761
0.710
0.749
0.752
0.970
1.020
0.903
0.972
0.961
0.436
0.319
0.301
0.806
0.877
0.779
0.812
0.874
0.689
0.814
0.810
0.853

0.979

Upper
it
1.089
1271
1.030
1165
1182
1193
1316
1196
1722
1.303
1983
1.083
0.883
1417
1417
1421
1427
1164
1157
1664
1021
1.04%
1.038
1155
1.350
1127
1.107
1384
1647
1774
1751
1769
1414
1616
2.253
2489
1.039
1333
1955
2626
1.057
1254
2.245
11.081
1.095
1282
1214
2611
1.196

1.038

p-Value

0.258
0.645
0.214
0.882
0.670
0.530
0.525
0.023
0.638
0.086
0.210
0.257
0.006
0.507
0.507
0.510
0.519
0.309
0.465
0.751
0.218
0.445
0.451
0.871
0.545
0.884
0.412
0.463
0.568
0.621
0.531
0.514
0.100
0.033
0.128
0.065
0.964
0.340
0.609
0.831
0.243
0.600
0.301
0.085
0.704
0.6587
0.953
0.209
0.911

0.589

0.1

0.2

Lower response
in males

Risk ratio and 95% ClI

gttt

0.5

ROIDIl

(=
P

5

in males

10

Higher response

Figure 4. Meta-analysis on the association between sex of preterm newborns and rate of response

to pharmacological treatment of patent ductus arteriosus (PDA). CI: confidence interval. COX: cy-

clooxygenase. Risk ratio above 1 means higher response in males.

3.3. Subgroup Analysis and Meta-Regression

As shown in Figure 4, subgroup analysis based on the medication used to treat PDA
showed no significant sex differences for any of the drugs. As shown in Table 2, when the
studies were divided according to whether they included exclusively extremely preterm
infants (i.e., GA < 29 weeks) or also included infants with GA above 28 weeks, the meta-
analyses showed no significant sex differences. In addition, subgroup analysis based
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on the geographic location (continent) of the studies showed no significant male—female
differences for any of the continents analyzed (Table 3).

Table 2. Subgroup analysis based on inclusion criteria for gestational age.

95% CI Heterogeneity
Meta-Analysis Subgroup K RR y
Lower Limit  Upper Limit 1% (%) 4

GA < 29 weeks 26 1.023 0.958 1.092 0.502 51.7 0.001

Any PDA vs. closed DA
GA > 29 weeks 10 1.047 0.933 1.175 0.434 53.3 0.023
hsPDA vs. GA <29 weeks 50 1.006 0.979 1.033 0.688 17.7 0.143
(small PDA + closed DA)  GA > 29 weeks 30 0977 0.931 1.025 0334 230  0.130
GA <29 weeks 17 1.024 0.936 1.119 0.609 17.8 0.245

hsPDA vs. small PDA

GA > 29 weeks 11 0.975 0.932 1.019 0.265 0.0 0.690
Responders VvS. non GA <29 weeks 40 1.014 0.985 1.043 0.349 18.2 0.160
responders GA > 29 weeks 5 0.936 0.854 1.027 0.162 0.0 0.937

CIL: confidence interval; DA: ductus arteriosus; GA: gestational age; hs: hemodinamically significant; K: number of
studies; PDA: patent ductus arteriosus; RR: risk ratio.

Table 3. Subgroup analysis based on continent.

95% CI Heterogeneity
Meta-Analysis Continent K RR Lower Limit  Upper Limit P 12 (%)
PP P

America 14 1.034 0.959 1.116 0383 649  0.000

Any PDA vs. closed DA Asia 5 1.104 0.892 1.368 0363 388  0.163

Europe 16 0992 0.915 1.075 0841 324 0104

America 26 0988 0.958 1.019 0448 375  0.029

hsPDA vs. Asia 19 1021 0.937 1112 0640 118 0310

(small PDA + closed DA) Europe 30 1005 0.959 1.052 0843 7.6 0348

Oceania 4 0940 0.865 1.022 0.149 0.0 0.915

America 12 0964 0.928 1.001 0.058 37 0409

hsPDA vs. small PDA Asia 6 1.090 0.958 1.239 0189 153  0.316

Europe 9 1.012 0.898 1.140 0849 007 0537

America 18 1.029 0.990 1.069 0144 175 0245

Responders vs. non Asia 10 1.000 0.921 1.086 0.997 9.8 0.352
responders

Europe 15 0.99 0.938 1.058 0.905 0.0 0.779

CI: confidence interval; DA: ductus arteriosus; hs: hemodynamically significant; K: number of studies; PDA: patent
ductus arteriosus; RR: risk ratio.

Meta-regression showed that the effect size of the association between male sex and
PDA has remained stable over time. That is, it does not correlate with the median year of
birth of the cohort (Table S3). The meta-regression also could not demonstrate a correlation
between the mean/median GA of the cohort and the effect size of the association between
sex and PDA (Table S3).

4. Discussion

To our knowledge, this study is the largest and most comprehensive systematic review
and meta-analysis on sex differences in PDA. Our results suggest that both the incidence
of PDA in preterm infants and the response rate to pharmacological treatment of PDA
are not different between preterm boys and girls. Moreover, subgroup analysis and meta-
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regression showed that the absence of sex differences in PDA is maintained over the years
and in different geographic settings.

In a previous meta-analysis, we investigated the male disadvantage for the most
important complications of prematurity and found an increased risk of IVH, BPD, ROP,
NEC, late onset sepsis, and mortality in preterm boys [19]. However, this was not the case
for PDA. In that previous analysis, we included only studies in which infant sex was the
independent variable and outcome the dependent variable. This allowed the comparison
of the different outcomes but at the cost of including only 18 studies on PDA. A recent
meta-analysis by Liu et al. evaluated several risk factors for developing PDA in preterm
infants [26]. They found that the risk of developing PDA was slightly higher for boys
than for girls but only included 28 studies in the analysis on sex differences. The major
strength of the present meta-analysis is the comprehensive database search to identify all
the potential studies. Thus, the 146 included studies encompassed a total population of
357,781 infants from 36 different countries and were conducted over more than 35 years.
Therefore, our data provide strong evidence for the lack of sex differences in PDA incidence
and response to treatment among preterm infants.

A common conception among neonatologists is the strong interaction between DA clo-
sure in the first days of life of preterm infants and their respiratory evolution. The presence
of a hemodynamically significant PDA is frequently suspected on the basis of respiratory
findings, such as increased oxygen or mechanical ventilation requirements [178,179]. Con-
versely, changes in pulmonary precapillary tone as consequence of respiratory distress
evolution and/or therapy can alter the left-to-right PDA shunt [178,179]. In addition, in-
fants with a moderate to large PDA are at the greatest risk of developing bronchopulmonary
dysplasia (BPD) [178,179]. Interestingly, our previous meta-analysis showed that the respi-
ratory course in the first days of life was more complicated in preterm boys than in preterm
girls [19]. Male sex was associated with increased risk of RDS, higher rate of intubation at
birth, treatment with surfactant, mechanical ventilation, and pneumothorax [19]. However,
our present results suggest that the presence of PDA is unlikely to play a role in these sex
differences in respiratory courses.

It has been proposed that the male disadvantage begins in utero, when gonadal steroid
production already differs strongly by sex [180]. Therefore, the presence of sex differ-
ences in DA development and closure might be plausible from a developmental biology
perspective. Conventionally, DA closure is divided into two sequential steps: an initial
functional closure, mediated by constriction of DA smooth muscle, followed by anatomical
vessel remodeling, leading to luminal obliteration [4,5]. Oxygen-mediated contraction and
withdrawal of prostaglandin E;-induced relaxation contribute synergistically to the initial
constriction [4,5]. As mentioned in the Introduction, it has been reported that, among term
newborns, the first phase of functional closure of the DA is more rapid in boys than in
girls [20], but there is no evidence that this can be extrapolated to the immature DA. Our
results do not point in that direction.

To the best of our knowledge, the only model in which it has been studied poten-
tial sex differences in the maturation of DA reactivity is the chicken embryo model [181].
Interestingly, chicken embryo development takes place under very different hormonal
environments with respect to estrogen levels [182]. In humans, the main source of es-
trogens is the placenta and, therefore, both female and male fetuses are exposed to high
concentrations of the hormone. In the chicken, female embryos have much higher estrogen
concentrations than male embryos [182]. Estrogens are also vasoactive in the DA of em-
bryos of both sexes [181]. However, Flisenberg et al. found no differences between males
and females in either oxygen-mediated ductal contraction or DA response to different
vasoactive agents [181]. Moreover, maturation of the DA contractile response occurred at
the same rate in both sexes [181]. Unfortunately, this study has not yet been reproduced in
a mammalian model.

Sex differences in pharmacokinetics and pharmacodynamics are common for many
drugs and contribute to individual differences in their efficacy and toxicity [183-185]. The
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inhibitors of prostaglandin synthesis indomethacin and ibuprofen are the most frequently
used drugs in the treatment of PDA [186]. Paracetamol has been added to these drugs
in recent years [186]. Evidence from several experimental and clinical studies indicates
differences in levels of prostaglandins and other eicosanoids, as well as in the activity
or expression of their synthesizing and metabolizing enzymes between adult males and
females [187-189]. In addition, there is also substantial evidence of sex differences in the
pharmacokinetics and pharmacodynamics of indomethacin, ibuprofen and paracetamol
in adults [190-192]. Moreover, the preventive effects of indomethacin on IVH in preterm
infants appear to be sex-specific [193,194]. In contrast, and although some studies have
reported sex differences in the efficacy of the drugs used for pharmacological treatment of
PDA [33,49,105], the meta-analysis did not confirm these differences.

Using subgroup and meta-regression analyses, we examined the influence of geo-
graphic and temporal factors on the results of the meta-analysis. Our data suggest that the
absence of sex differences in PDA incidence and response to pharmacological treatment
can be found in all geographical areas and remains unchanged over the years. In contrast,
our previous meta-analysis showed that geographic location and age of cohorts affected
sex differences in some of the outcomes of prematurity. Thus, the male disadvantage in
periventricular leukomalacia was significantly lower in the cohorts from America when
compared with Asian and European cohorts and the male disadvantage in mortality de-
creased progressively over the years. The analysis of time factor is particularly relevant
for PDA because neonatologists have been debating for decades what a hemodynamically
significant PDA is, what the health consequences of the presence of a ductal shunt for
the preterm newborn are and when and how PDA should be treated [1,9,10]. Our results
suggest that these changes as well as advances in neonatology have not affected the sex
ratio of preterm PDA.

Finally, we analyzed the effect of the gestational age of the cohort on the results of the
meta-analysis. Since the incidence of term PDA is higher in girls than in boys [7,8,21-25],
it would possible that those studies including more mature infants had a different sex
ratio than those exclusively focused on extremely preterm infants. However, neither the
meta-regression nor the subgroup study confirmed this hypothesis. The mean gestational
age of the cohort did not correlate with the sex ratio for PDA. Moreover, subgroup analy-
sis in which only extremely preterm infants (gestational age < 28 weeks) were included
showed no sex differences either in the incidence of PDA or in response to pharmacologi-
cal treatment.

5. Conclusions

Although the occurrence of sex differences in incidence and response to treatment
of PDA among preterm infants would be plausible from a biological, pharmacological or
clinical point of view, the current evidence does not support these differences. Nevertheless,
sex is increasingly being recognized as a key variable in the regulation of physiology,
pathology, pharmacology and therapeutics, calling for more consideration of sex differences
in biomedical research [187,189,195-197]. The current clinical approach to PDA therapy
in preterm infants is less aggressive with a propensity to observe physiological evolution
without pharmacological intervention [1,9,10]. There is a growing body of information on
this approach to PDA, and it would be necessary for future studies to take into account the
sex variable in their design, sample size calculation, and reporting of the results.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jpm12071143/s1, Table S1: Search strategy; Table S2: Characteristics
of the included studies; Table S3: Meta-regression of continuous covariates; Figure S1: Flow diagram
of the systematic search; Figure S2: Funnel plot for publication bias analysis for the studies included
in the different meta-analyses.
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